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Abstract 
The vast and inaccessible landscape made travel difficult in previous centuries and 
consequently, new links between people and places needed to be built. A well-developed 
network of routes —by air, water, rail and road— connected every country as never before. 
Nowadays, transport continues to be one of the most significant agents of change and 
transport infrastructures keep playing a significant role in every country’s economic growth 
and competitiveness.  
Infrastructure has been a national priority in Spain. Since 2010, however, spending on
infrastructure has been cut by a third, to just 1.4 percent of its gross domestic product. The 
successive years of budget reductions have shifted the government’s infrastructure 
investment priorities to maintenance and rehabilitation works.  
The current infrastructure inspections have limitations derived from its manual approach. 
Firstly, it involves a large number of manual measurements, which are time-consuming and 
error-prone. Secondly, the assessment of the infrastructure condition is either visual or 
manually done and hence is subject to inspector’s experiences. Thirdly, the accuracy of the 
geometric information gathered is still questionable and limited to non-technified, 
standardized procedures.  
This dissertation introduces nondestructive geomatic techniques for accurate geometric 
data collection in order to help civil inspectors and surveyors to improve their existing 
decision-making skills and overcome their problems, which are at present tackled in a 
qualitative and manual manner. 
In particular, a considerable range of my research findings are built around land-based 
mobile laser scanning (MLS) technology, and to a lesser extent on static LiDAR, both 
enabling collections of dense 3D point clouds with cm and mm-accuracy, respectively. 
Ground penetrating radar (GPR) is used in a certain degree to characterize and evaluate the 
internal construction materials.  
This research addresses the abovementioned limitations by providing automatic or semi-
automatic support for the process of extracting geometric features and quantitative attributes 
from 3D point clouds, such as the area of material pathologies in a road overpass or the 
punctual thickness of a specific pavement layer. Examples of some 3D data processing 
algorithms were implemented to five case studies within the civil engineering domain. 
Therefore, the scope of this research is primarily limited to pavements, overpasses and 
underpasses, tunnels and bridges.  
Through such automation, it is reasonable to expect the processing of larger amount of data 
in shorter periods of time and multiple efficiency improvements. 
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Chapter 1 
INTRODUCTION 
1.1. PROBLEM STATEMENT 
Transport infrastructure is one of the most relevant topics for the near future. They play a 
fundamental role for the mobility of people and goods and for the economic, social and 
territorial cohesion in every country. Especially in the context of the European Union, 
there is a flagship initiative for a resource-efficient Europe under the Europe 2020 strategy 
supporting actions in the transport area aimed at boosting resource efficiency and overall 
competitiveness (European Commission, 2011). Additionally, our current global financial 
crisis has caused meaningful cutbacks on infrastructure. An example in Spain is the 
decrease in infrastructure budget by a third in the last four years. The abovementioned 
facts have necessarily refocused the infrastructure investment to maintenance and support 
activities. 
However, on-site maintenance and inspection services need to be optimized. Sometimes, 
extracting a geometric attribute (e.g. the vertical clearance of a tunnel or the cross-section 
area of a pillar) involves a large number of similar, and time-consuming manual 
measurements. Moreover, the knowledge, experience and personal qualities of inspectors 
vary greatly. This fact can lead to wrong assessments of the infrastructure condition, when 
visual or manual survey techniques are used. Lastly, it is difficult to understand the accuracy 
of an extracted geometric item. For example, it is hard to assess how many distance 
measurements are needed in order to achieve an accurate volume of a pavement layer, since 
such assessment is currently done manually.  
Therefore, the inspection and maintenance works will pose challenges and limitations that 
need to be resolved. In this regard, Geomatics has much to say. This discipline includes 
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tools and techniques used in land surveying, cartography, photogrammetry, remote sensing 
and other related forms of earth mapping. One of its application areas is precisely the 
infrastructure management. 
The first issue in researching transport infrastructure is collecting their geometric data. 
Data needs to be collected in an efficient, accurate and cost-effective manner, satisfying the 
high demands established by European policy makers. The application of mobile laser 
scanning (MLS) systems has the potential to assist that purpose.  
Laser scanning technology is already a maturing technology, which has gained importance 
in the architecture, engineering and construction (AEC) fields in recent years due to its 
capability to rapidly collect detailed and accurate 3D point clouds (Akinci et al., 2006; 
Jacobs, 2006; Olsen et al., 2009). Point clouds can sample surfaces of infrastructures located 
at different distances (these values vary depending on the scanner used) and therefore, it is 
possible to capture detailed geometric features. MLS technology presents multiple benefits 
to transportation agencies, including safety, efficiency and accuracy. MLS systems can 
collect many miles of roadway in a single day while surveyors are no longer exposed to 
high-speed traffic or placed in risky situations to acquire the necessary measurements 
(Williams et al., 2013). An in-depth review of available literature regarding MLS systems will 
be conducted in Chapter 2. 
However, I found that one of the critical bottlenecks impeding the adoption of MLS 
technology in the infrastructure domain is the lack of automated support for 3D data 
processing and interpretation. Engineers can create 3D as-built models using some 3D 
reverse engineering software (Varela-González et al., 2013) but they still need to manually 
conduct a “virtual surveying” in the office (e.g. take measurements on 3D points clouds for 
minimum vertical clearance of an overpass). 
This fact motivates my dissertation, which continues efforts to improve the efficiency of 
these procedures. In the direction of providing automatic support, I formalized 3D data 
processing workflows for extracting a variety of geometric attributes and pathologies 
related to infrastructures. The implementation of the algorithms take place throughout this 
research project, with validation results in real case studies.  
In fact, some of these case studies were only possible thanks to collaborations among 
several construction companies and the University of Vigo. In particular, this productive 
relationship began through the research project “SITEGI” (Applied Geotechnologies, 
2014), a 3-year project co-financed by the European Regional Development Fund (ERDF) 
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and the Centre for Development of Industrial Technology (CDTI) of Spain. The general 
aims of this project, linked in several facets with my research objectives, were the 
development and adaptation of technological systems for inspection, analysis and 
management of linear infrastructures and roads. The project received in 2013 the Best 
R&D&I Project award conceded by the Spanish Road Technology Platform.  
1.2. RESEARCH OBJECTIVES 
The contributions of the research described in this dissertation pursue the following 
objectives:  
(1) Validate Mobile LiDAR as a mature technology with emerging applications for 
transportation agencies (Chapters 4-8). 
(2) Design and conduct experiments to characterize and evaluate different types of 
scanners from moving platforms. I quantified the relative and absolute accuracies and 
evaluated the boresight alignment between scanners (Chapter 3). 
(3) Define documentation methods for infrastructures through nondestructive sensors 
integrated in the mobile mapping unit. Integration with other external sensors such as 
GPR or static LiDAR (Chapter 8). In particular: 
2.1. Develop a methodology to compute pavement layer thicknesses and volumes 
based on MLS data (Chapter 4). 
2.2. Present a method to automatically segment road overpasses and detect mortar 
efflorescences on them (Chapter 5). 
2.3. Present a method to detect deformations in motorway underpasses based on 
repeated MLS point clouds (Chapter 6). 
2.4. Implement a methodology to detect road tunnel luminaires based on MLS data 
(Chapter 7). 
(4) Develop a number of geometric/radiometric algorithms needed to automatize the 
extraction of infrastructure attributes and to evaluate the accuracy/reliability of the 
extracted results (Chapter 4-7).  
Other research objectives that can be resolved in an implicit manner: 
(5) Promote the cooperation and knowledge transfer between construction companies, 
transportation agencies and research centers.
(6) Decrease the economic cost caused by the infrastructure maintenance in the Spanish 
territory and increase its safety. 
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(7) Identify maintenance requirements on infrastructure, paying attention to road 
safety questions, economic issues and the development of guides and strategies for 
the suitable maintenance.
1.3. DISSERTATION ORGANIZATION 
This dissertation is presented as a compendium of scientific articles published in 
international scientific journals. A series of seven publications compose the structure of 
this research: six of them were published in international journals included in Journal 
Citation Reports (JCR) and one article was published in a peer-reviewed journal indexed in 
Ulrich’s Periodicals.  
According to the academic regulations at the University of Vigo for submitting a doctoral 
thesis using a compendium of publications, it is required an introduction supporting the 
thematic coherence of the research, with a reasoned justification for the presence of each 
article. 
Chapter 1 is the introductory chapter of this dissertation. It provides a general overview of 
the research presented and describes the overall problem domain and the research 
objectives. The General Discussion and General Conclusions chapters (Chapters 9 and 10, 
respectively) summarize the contributions and propose future research directions. The 
seven chapters in between the Introduction and General Discussion chapters describe in 
detail the objectives pursued and the corresponding contributions.  
A brief description of these chapters, which are grouped in three main sections, is given 
below. 
SECTION 1: STATE OF THE ART IN MOBILE TERRESTRIAL LASER 
SCANNING SYSTEMS 
While most of the world leader companies in the development and manufacturing of 
LiDAR and imaging instruments have already released a number of new and improved 
MLS systems, they mostly consist of five components: (1) the mobile platform; (2) the 
positioning hardware (GNSS, IMU and DMI); (3) 2D or 3D laser scanners; (4) 
Photographic/ video recording and (5) computer and data storage.  
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In this Chapter 2 called “Review of mobile mapping and surveying technologies”, I 
compared and contrasted seven commercially produced mobile laser scanning (MLS) 
systems, namely Road Scanner from Siteco, IP-S2 from Topcon, MX8 from Trimble, 
StreetMapper Portable from 3D Laser Mapping Ltd. & IGI mbH, VMX-250 from Riegl, 
Dynascan from MDL Laser systems and Lynx Mobile Mapper from Optech Inc.  
In addition, I reviewed a wide range of available literature to describe the positioning, 
scanning and imaging devices integrated into these systems. This chapter concludes with 
two categories in which mobile laser scanning systems can be divided: mapping or 
surveying, depending on their final purpose, accuracy, range and resolution requirements. 
A journal article is published under the same name of this chapter 2 in the international 
journal Measurement, indexed in ISI (JCR) and ranked 19 out of 87 journals in the category 
Multidisciplinary Engineering to which the journal has been assigned. 
SECTION 2: ACCURACY ASSESSMENT OF MOBILE LIDAR DATA  
Chapter 3 entitled “Accuracy verification of the Lynx Mobile Mapper system” covers 
a set of different tests for the characterization and evaluation of any mobile laser scanning 
system based on two LiDAR scanners. This chapter presents the experimental results to 
analyze both the relative and absolute accuracies and evaluate the boresight alignment in 
MLS systems, exemplified on the Lynx Mobile Mapper from Optech Inc. This chapter 3 is 
published as a separate journal article entitled “Accuracy verification of the Lynx Mobile Mapper
system” in the international journal Optics and Laser Technology, which is indexed in ISI (JCR) 
and ranked 29 out of 82 journals assigned in the Optics category.  
SECTION 3: GEOMATIC APPLICATIONS IN TRANSPORT 
INFRASTRUCTURE RESEARCH AND DOCUMENTATION 
Chapters 4 through 8 present a collection of case studies showing a clear description of the 
advantages of mobile LiDAR technology in the civil engineering domain, including an 
increase in road safety and efficiency. Terrestrial LiDAR and GPR techniques are also 
covered in these chapters in a lesser extent. Also, it is discussed the implementation of 
automated methods for extracting different key geometric parameters and attributes which 
are required during inspections.  
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The scope of this research includes pavements (Chapter 4), road overpasses (Chapter 5) 
and underpasses (Chapter 6), tunnels (Chapter 7) and brigdes (Chapter 8). 
Chapter 4: “Validation of mobile LiDAR surveying for measuring pavement layer 
thicknesses and volumes” introduces a new methodology for modelling the 3D 
pavement geometry in newly constructed roadways. The mobile LiDAR method suggests 
an alternative to the prevailing ground penetrating radar (GPR) technique, which has been 
traditionally used to measure pavement thicknesses when surveying in a ground-coupled 
configuration. It also addresses the algorithms to compute the thickness and volume of 
these pavement layers from high density LiDAR datasets. It presents field experiment 
results for validating the reliability of the implemented method. Ultimately, this chapter 
seeks to assist engineers in monitoring pavement performance and accurately estimate 
repairs when needed. 
This methodology is presented in an article entitled “Validation of mobile LiDAR surveying for
measuring pavement layer thicknesses and volumes”, which is published in NDT & E International,
an international journal that holds third place among a total of 33 journals assigned in the 
category Materials Science, Characterization and Testing.
Chapter 5 entitled “Automatic segmentation of road overpasses and detection of 
mortar efflorescence using mobile LiDAR data” describes the development and 
implementation of a novel workflow to automatize the efflorescence detection process in 
road overpasses using the geometric and radiometric information from mobile LiDAR 
data. It presents my implementations of these three main groups of algorithms: (1) A data 
reduction algorithm based on the point cloud normalization, radial and vegetation filters; 
(2) Segmentation and classification algorithms to separate overpasses from pavement data; 
(3) An algorithm for classification of efflorescence on mortars. Finally, it tests the 
methodology using 3D LiDAR scans from the New Bridge of Ourense.
The workflow presented in chapter 5 is already published as a journal article entitled 
“Automatic segmentation of road overpasses and detection of mortar efflorescence using mobile LiDAR
data”, in the international journal Optics and Laser Technology, which is indexed in ISI (JCR) 
and ranked 29 out of 82 journals assigned in the Optics category.  
As part of the motorway construction process, an extensive network of road drainage and 
underpasses for the passage of wildlife animals, people and machinery are built. Trucks and 
rollers are required afterwards to backfill the trenches and compact the road pavement, 
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respectively. The use of these machines may emit localized vibrations affecting the 
surrounding structures. Moreover, underpasses will also suffer significant mechanical stress 
when earthworks start backfilling them and consequently, they will be closely monitored by 
the project’s crew. The following Chapter 6, called “Deformation monitoring of 
motorway underpasses using laser scanning data”, presents a semi-automatic 
procedure to determine the geometric deformations between the voussoirs of a selected 
underpass after its over-backfilling. It also describes the algorithms used and the field 
results of the method. 
The results obtained in this chapter have been shown in a scientific publication entitled 
“Deformation monitoring of motorway underpasses using laser scanning data”, published in the journal 
International Archives of Photogrammetry, Remote Sensing and Spatial Information Sciences, indexed in 
Ulrich’s Periodicals. The aforementioned journal is the series of peer-reviewed proceedings 
published by the International Society of Photogrammetry and Remote Sensing (ISPRS). 
The increased use of underground structures for transportation purposes have prompted 
the need to improve the productivity of routine inspections and maintenance processes for 
their optimal use. Broadly speaking, there are certain factors that increase the risk in road 
tunnels, such as a limited sight distance or great differences in lightning at the entrance and 
exit. Hence, they are considered complex environments, where on top of that, a number of 
system elements including ventilation pipes, emergency facilities, drainage or lighting are 
often present in the scene.  
The scope of this chapter is limited to luminaires. As was mentioned earlier, they play a 
critical role in tunnels because a good visual environment is needed to ensure comfort and 
driving safety for all vehicle drivers. What is more, they are major energy consumers so 
locating the lightning system becomes the first step for quality control monitoring and 
saving unnecessary expenses.  
In this sense, the Chapter 7 entitled “Automatic segmentation of road tunnel 
luminaires using a mobile LiDAR system” provides an automatic method for the 
detection of the lighting system inside the tunnel. The chapter describes the 
implementation of the algorithms on colored 3D point clouds. To guarantee the success of 
this procedure, the experts must assure that all the luminaires are working during the first 
data acquisition. Under this premise, and knowing the fixed distances between the 
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luminaires, the algorithm could detect in following inspections if a luminaire is still working 
or turned off/damaged.  
A journal article with this methodology is published under the same name of this chapter 7 
in the international journal Measurement, indexed in ISI (JCR) and ranked 19 out of 87 in the 
category Multidisciplinary Engineering to which the journal has been assigned.
Lastly, Chapter 8: “NDT documentation and evaluation of the Roman Bridge of 
Lugo using GPR and mobile and static LiDAR” focuses on the integration of different 
nondestructive testing (NDT) technologies for the inspection and as-built three-
dimensional documentation of the aforementioned masonry arch bridge. The latter, located 
in the northeastern area of Galicia (Spain) requires regular diagnoses due to its multiple 
restorations and its heterogeneity in the exterior masonry composition, which can affect 
the structural reinforcement in terms of durability and strength.  
This chapter discusses a solution based on two geomatic techniques in particular — (1) 
mobile and static LiDAR devices, both integrated with digital cameras, to analyze the 
exterior of the bridge; and (2) ground penetrating radar (GPR) for the characterization of 
its internal stonework— using data fusion to eliminate the disadvantages associated with 
each technique individually. Its analysis as a whole can certainly benefit masonry arch 
bridge inspection.  
The methodology used and the results presented in Chapter 8 are published in the 
international journal Journal of Performance of Constructed Facilites, which attempts to improve 
the quality of the constructed product through interdisciplinary communication. This 
journal, indexed in ISI (JCR), is ranked in 87th place among a total of 124 journals assigned 
in the category Civil Engineering. 
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Chapter 2 
REVIEW OF MOBILE MAPPING AND SURVEYING 
TECHNOLOGIES 
Resumen: 
La tecnología LiDAR móvil es actualmente uno de los temas más populares en la industria 
LiDAR. La adquisición de nubes de puntos de datos altamente precisos se obtiene a través 
de sistemas de escaneado láser en plataformas móviles con un sistema de navegación 
integrado. Este capítulo presenta un análisis del comportamiento de algunos de los sistemas 
LiDAR móvil más destacados en el año 2012. En dicho trabajo, se detalla también un 
estado del arte de los sistemas de posicionamiento, escaneado e imagen. Como parte del 
mismo, se proporciona una comparación sistemática de las especificaciones LiDAR y de 
navegación proporcionadas por los fabricantes. Nuestra revisión sugiere que los sistemas 
LiDAR móvil pueden dividirse principalmente en dos categorías (de mapeo y cartográficos) 
dependiendo de su propósito final y los requerimientos de exactitud, rango y resolución.  
Palabras clave: Mapeo móvil, fotogrametría, inspección, escaneado láser, LiDAR.
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a b s t r a c t
Mobile surveying is currently one of the most popular topics in the LiDAR industry. The col-
lection of highly precise point cloud data is provided by laser scanning systems on moving
platforms with an integrated navigation solution. The potential of LiDAR based mobile sur-
veying technology is now well proven. This article introduces an analysis on the current
performance of some outstanding mobile terrestrial laser scanning systems. In this work,
an overview of the positioning, scanning and imaging devices integrated into these systems
is also presented. As part of this study, a systematic comparison of the navigation and
LiDAR speciﬁcations provided by the manufacturers is provided. Our review suggests that
mobile laser scanning systems can mainly be divided into two categories (mapping and
surveying) depending on their ﬁnal purpose, accuracy, range and resolution requirements.
A reﬁned integrated analysis based on hardware components could be expected to cause
further improvements on these results.
 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
The development of mobile mapping systems (MMSs)
began in the late 1980s and early 1990s, when the ﬁrst
usable land-based MMS was developed by the Centre for
Mapping at Ohio State University. Their system, called GPS-
Van™, integrated a code-only Global Navigation Satellite
System (GNSS) receiver, two digital CCD cameras, two color
video cameras and several dead-reckoning sensors (two
gyroscopes and a distance measurement unit on each of
the front wheels), all of which weremounted on a van [1,2].
The aforementioned description provides an approxi-
mate idea of the design of a MMS. A mobile mapping
system consists mainly of three components: mapping
sensors, a positioning and navigation unit for spatial
referencing, and a time referencing unit. These systems
capture 2D or 3D geometric environmental
information using an imaging sensor that is attached to
a moving platform, which may be a land vehicle, a vessel
or an aircraft. Mobile mapping systems can be
characterized by the imaging unit in use. The GIM™,
GPSVision, VISAT™, KiSS™ and GI-EYE™ systems are
some existing examples of MMS based on photogramme-
try [3,4]. Mobile mapping systems that use LiDAR tech-
nology as their main imaging unit (called mobile laser
scanning systems) are the most recently developed type.
Light Detection and Ranging (LiDAR) technology, which is
based on laser range-ﬁnding measurements of the dis-
tance between the sensor and the targeted object, pro-
vides a signiﬁcant increase in the number of data
points of exceptional accuracy over traditional data cap-
ture methods.
Mobile LiDAR term is widely used for laser scanners that
are deployed on any mobile platform, such as vans, trains
[5], boats [6], snowmobile sledges [7] or even 4  4 all-ter-
rain vehicles [8]. Due to the scope of this paper, only land-
basedmobile laser scanning systems (MLSs) are considered.
Land-based mobile laser scanners share many features
with airborne laser scanners (ALSs), especially among
those features introduced by the fundamentals of laser dis-
tance measurement and scanning. Moreover, data process-
ing workﬂows are very similar (or nearly identical) in both
cases. On the other hand, these systems clearly differ in
terms of typical project size and obtainable accuracy and
resolution, among other factors. ALS systems almost exclu-
sively use the pulse time of ﬂight measurement principle
for ranging [9–14], and they have been widely used for
the generation of bare-earth digital elevation models, the
estimation of forest inventory attributes, and even opera-
tional forest management [15]. Compared with ALS, locat-
ing the scanner on a mobile ground platform provides
some distinct advantages for the capture of discrete objects
from multiple angles. In this paper, a state-of-the-art re-
view of land-based mobile laser scanning systems is pre-
sented. Some reviews on this topic have been published
previously [16–21].
Because of the increasing need for 3D geoinformation
and the current interest in the ﬁeld of mobile mapping,
the parameters of laser scanners and navigation are rapidly
varying as a result of technological developments; conse-
quently, this review will soon be outdated. However, this
study, which is the result of a time-consuming research
that required the help of numerous people from relevant
ﬁrms, not only presents a complete survey of existing com-
mercial systems but also provides a comparison of naviga-
tion and scanning solutions between them. The work
contained here is important for researchers who are con-
sidering the development of their own system, the
improvement of an existing one or the purchase of a sys-
tem that is available in the market today. The contents of
this work include a description of the technologies in-
volved in mobile laser systems, a review of the different
present-day systems available in the market, and a discus-
sion of their technical characteristics and limitations.
2. MLS technology
Professionals in Civil Engineering and Construction
[22,23], Environment [24], Mining [25], Petroleum [26],
Pipeline and Plant Design [27] are the typical end-users
of LiDAR data. Mobile LiDAR technology provides accurate,
three-dimensional images enabling designers to experi-
ence and work directly with real-world conditions by
viewing and manipulating rich point clouds in computer-
aided design software. The laser scanner is able to record
millions of 3D points. These X, Y, Z measurements can be
imported into speciﬁc CAD design software and displayed
on a computer monitor as ‘‘point clouds’’, which have pho-
tographic qualities portrayed in one-color, grayscale, false-
color or even true color. The ﬁles with the point clouds can
be viewed, navigated, measured and analyzed as 3D mod-
els. Mobile LiDAR technology presents some beneﬁts [28]:
high speed data capture (time and cost reduction), remote
acquisition and measurement (increases survey efﬁciency
and safety), high point density data ensures a complete
topographic survey, abundance of data captured in laser
scanning reduces the effect of questionable data in the re-
sult, imagery and 3D visualization provide added conﬁ-
dence that mapped objects correspond to actual existing
conditions.
Any mobile LiDAR system integrates several subsys-
tems: digital frame cameras, a laser scanner, an Inertial
Measurement Unit (IMU) in combination with a Global
Navigation Satellite System (GNSS), and a control unit that
operates all of these components, synchronizes measure-
ment acquisition and records the collected data [29–33].
The description of the technology will be organized into
three main parts. The ﬁrst describes the positioning (or
geo-referencing) components of mobile LiDAR systems,
which are the principal building blocks for the construc-
tion of such systems. The second considers the laser rang-
ing and scanning devices. Imaging devices will be brieﬂy
discussed for each particular MLS system. Finally, calibra-
tion and boresighting will be explained.
2.1. Positioning and navigation components
Direct geo-referencing is the determination of time-var-
iable position and orientation parameters for a mobile Li-
DAR system. Three types of technologies are able to
2128 I. Puente et al. /Measurement 46 (2013) 2127–2145
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determine the position of a mobile vehicle: satellite posi-
tioning by Global Navigation Satellite Systems (GNSSs),
inertial navigation using an Inertial Measuring Unit (IMU)
and Distance Measurement Indicators (DMIs). These posi-
tioning sensors are vehicle oriented. They are used to
determine the absolute location of the mobile mapping
platform with respect to a global coordinate system, e.g.,
WGS84 [34].
There are a large number of GNSS receivers available in
the market that can generate the required survey-quality
positional data. They operate mainly in three different
modes: differential mode (DGPS), real time kinematic
(RTK) and post processed kinematic (PPK), the latter to ob-
tain the most accurate results possible. Although DGPS and
RTK are similar operating modes, there are some differ-
ences that make RTK more accurate.
RTK needs a minimum of ﬁve satellites for initializa-
tion and after that, RTK can operate with four satellites.
DGPS needs a minimum of three satellites (only for the
horizontal position evaluation), though at least four are
required for sub meter accuracy and three dimensional
calculation. RTK needs dual frequency GPS receivers while
for DGPS, single frequency receivers are sufﬁcient. RTK
GPS receiver must be capable of On-the-Fly initialization
obtaining centimeter accuracy while moving. For DGPS
this is not necessary. RTK systems take around one min-
ute to initialize and DGPS systems initialize immediately.
RTK must provide an accuracy of few centimeters in all
three dimensions and using DGPS sub meter accuracy
can be achieve in horizontal position only. To obtain
GPS corrections for RTK, needs own base station that is
no more than ten kilometers from the ﬁeld. On the con-
trary, DGPS uses an own base station, a correction service
provider or use the free radio beacon broadcasts that are
open in many regions.
In post processing kinematic solutions (PPK), the mobile
receiving device, also called rover, stores position data that
can be adjusted using corrections from a reference station
after the data has been collected. The ﬁrst advantage is that
more accurate results are generally obtained because its
higher ﬂexibility for editing and cleaning the GNSS data.
What is more, there is no accuracy degradation due to data
latency. Another important advantage is that communica-
tion link-related problems, such as signal obstruction or
limitation of coverage, are avoided [35,36].
The preparation of GPS surveys requires to take into ac-
count another main parameter related with the Dilution of
Precision (DOP). This is a dimensionless number, used in
GPS and Geomatics Engineering, that accounts for the
purely geometric contribution of the position of the satel-
lites to the uncertainty in a position ﬁx. The concept of
Dilution of Precision comes from the Locan-C navigation
system [37]. The idea of geometric DOP is to state how er-
rors in the measurement will affect the ﬁnal state estima-
tion. The different values of DOP correspond to different
meanings: the smaller the value is, the better the
geometry.
 DOP < 2.5. At his conﬁdence level, positional measure-
ments are considered ideal to meet the most sensitive
applications.
 2.5 < DOP < 5. Represents an acceptable level that
marks the minimum appropriate for making business
decisions. Positional measurements could be used to
make reliable in-route navigation suggestions to the
user.
 5 < DOP < 10. Positional measurements could be used
for calculations, but the ﬁx quality could still be
improved. A more open view of the sky is
recommended.
 DOP > 10. Represents a low conﬁdence level. Positional
measurements should be discarded or used only to indi-
cate a very rough estimate of the current location.
DOP appears to be a key factor when planning the GPS
surveying properly. The main GPS manufacturers provide
online resources that predict the DOP for a certain time
and point of the globe. Obviously, other conditions such
as orography or forest coverage are not included in this
prediction and must be considered apart [38].
GNSS is the basic component of a land positioning sys-
tem and can provide centimeter accuracy; however, it is
virtually impossible to maintain the GNSS signal through-
out an entire mobile survey because of multipath effects
and periods of GNSS outage (e.g., tunnels, high buildings,
road slopes, and tree canopies). This limitation often leads
to the combination of GNSS with Inertial Measurement
Units (IMUs) [39,40]. The dead reckoning (DR) process, in
which new positions are calculated solely from previous
ones, cannot be used over extended periods of time be-
cause the errors in the computed estimates increase con-
tinuously. These errors arise from the noise and biases
present in the inertial measurements. For this reason, cur-
rent ground-based mobile LiDAR systems employ IMUs
that rely on GNSS to receive periodic corrections.
An Inertial Measurement Unit provides self-contained
information about the instantaneous position, velocity
and attitude of a vehicle. There are three types of IMU de-
vices that are most commonly used in mobile terrestrial Li-
DAR systems [41,42]: microelectromechanical systems
(MEMSs), Fiber Optic Gyros (FOGs) and Ring Laser Gyros
(RLGs). Microelectromechanical gyros utilize tiny quartz
tuning forks as sensors integrated into sylicon chips. They
became widespread in the imaging systems that are em-
ployed on less demanding applications, since they are the
least accurate type. They are coming into a wider use in la-
ser scanners. Fiber Optic Gyros, based on the interference
of light which has passed through a long coil of optical ﬁ-
ber, are much more expensive than MEMS gyros – but give
a very acceptable performance that satisﬁes many laser
scanning applications. Ring Laser Gyros (Fig. 1) are the
most accurate type but also the most expensive to produce
– which limits their use to high-end imaging systems and
laser scanners and the most demanding applications in
terms of accuracy. They are based on the Sagnac effect, as
the Fiber Optic Gyros, and require high-precision manufac-
turing and intricate assembly techniques. Typically, three
orthogonal Gyros are used to detect changes in the three
Euler angles. Tri-axial Gyros integrated in the IMUs are
typically complemented with accelerometers and magne-
tometers (usually also in tri-axial conﬁguration). Fig. 2
shows the dynamic range and sensitivity of the different
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typologies of Gyros [43]. Accelerometers measure weight
per unit of mass, a quantity with dimensions of accelera-
tion that is sometimes known as G-force. It is a vector
quantity and it can also be used to sense orientation (be-
cause the direction of the weight changes) and coordinate
acceleration (as long as it produces G-force or a change in
G-force). Magnetometers are measuring instruments used
to size the strength and direction of the magnetic ﬁeld. Te-
sla is the SI unit of measure, although this unit is very large
for most practical uses and scientists commonly use Gauss
(10 Gauss = 1 mT). Magnetometers are very useful in open
ﬁeld and outdoor environments, where there are not spu-
rious inﬂuences of ferromagnetic materials that typically
appear indoors (i.e. steel reinforcement in concrete and
mobile phones).
Most GNSS/IMU systems used in mobile LiDAR systems
are supported by a Distance Measuring Instrument (DMI).
These are cost effective and reliable devices for collecting
and transmitting rotational data, which is typically further
processed into speed, distance, and position. Encoders can
be either mechanical or optical. The latter are used when
higher speeds are encountered or a higher degree of preci-
sion is required. A DMI is mounted on the vehicle wheel
with an attached data transmission and power cable.
In most cases, a Kalman ﬁltering algorithm [44–47] is
used for the optimal combination of the GNSS/IMU/DMI
measurements in an on-board position and orientation
system (POS). The Kalman ﬁlter is a set of mathematical
equations that uses a series of measurements observed
over time, containing noise and other inaccuracies, to pro-
duce estimations of past, present and even future states,
that tend to be more precise that those that would be
based on a only single measurement. It operates recur-
sively on streams of noisy input data to produce a statisti-
cally optimal estimate of the underlying system state.
Its common application is for guidance, navigation and
control of vehicles and furthermore, the Kalman ﬁlter is a
widely applied concept in time series analysis used in
ﬁelds such as signal processing and econometrics.
The POS accomplishes the task of the Kalman ﬁltering
by taking the time stamped vehicle location information
from the GNSS satellites, the information about the vehicle
orientation in space from the internally mounted IMU and
the distance measurement from the DMI (Fig. 3). One of
the most critical components of the overall navigation
solution is the use of POS software with tightly coupled
processing. The term ‘‘tightly coupled’’ refers to the fact
that the POS simultaneously processes the raw GNSS,
IMU, DMI and secondary GNSS data to generate the naviga-
tion solution. The procedure for calculation of the Best Esti-
mate Trajectory (BET) of the vehicle includes 5-min static
GNSS logging at the beginning and end of each survey, in
order to obtain accurate GNSS data. The trajectory is then
used to create a geo-referenced point cloud using the laser
scanning data. Fig. 4 depicts a trajectory solution obtained
from the APPLANIX POS 520 navigation system. Fig. 5 illus-
trates the accuracy of the navigation data obtained from
that survey. As it can be observed, the Z position (down po-
sition in the graph) depicts poorer results than the X, Y
positions (East and North positions, respectively in the
graph). This is a common feature, completely inherent to
GPS technology. In all cases, both surveys are around the
expected values.
Regarding the navigation technologies, the possibilities
of the Simultaneous Localization and Mapping (SLAM)
must also be remarked. This technology is nowadays more
used in Robotics than in Geomatics, but it could be applied
similarly in this ﬁeld, decreasing the cost of the IMU sys-
tems required [48,49].
2.2. Laser ranging and scanning components
A basic laser scanner measures its surroundings using
LiDAR to obtain range and angle measurements. In current
mobile laser scanning systems, two techniques are mainly
used for range measurements: time-of-ﬂight and phase
shift [50–57]. A time-of-ﬂight (TOF) scanner sends a short
laser pulse to the target, and the time difference between
the emitted and received pulses is used to determine the
range. The range r is calculated the following expression:
R ¼ 1
2
cDt ð1Þ
where c is the speed of light and Dt is the time of ﬂight of
the pulse.
Fig. 1. Ring Laser Gyro (author: anonymous).
Fig. 2. Dynamic range and sensitivity of the different Gyros presented in
the market (authors: Merlo et al. [43]).
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Examples of laser scanners using this principle include
RIEGL [9], OPTECH [10], LEICA [11], TRIMBLE [58], 3rdTECH
[59] and SICK [60]. In contrast, phase based laser scanners
(ZOLLER + FRöHLICH [61]; FARO [62]) use the phase differ-
ence between the emitted and received backscattered sig-
nal of an amplitude modulated continuous wave (AM CW)
to determine the range. Phase shift laser scanners are more
accurate, but their measurement range is shorter. The rela-
tionship between the phase shift and range is provided by
the following equation:
R ¼ Du
2p
k
2
þ k
2
n ð2Þ
where k is the modulation wavelength, u is the phase shift
and n is the unknown number of full wavelengths between
the sensor system and the reﬂecting object.
Fig. 3. POS LV Tightly Coupled System Architecture. (source: APPLANIX Corp., 2012).
Fig. 4. Trajectory obtained with APPLANIX POSPAC 520 navigation system (authors: I. Puente et al., 2012).
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Combining the laser range, scan angle, and laser posi-
tion from the GNSS/IMU/DMI, highly accurate XYZ-coordi-
nates of the ground points for each laser pulse can be
calculated. Scan angle is typically obtained using high-pre-
cision engineered encoders.
The 3D scanners from FARO and Z + F have been oper-
ated on mobile laser scanning vehicles, but they are used
in 2D proﬁle mode, with their horizontal angular move-
ment disabled. In fact, in mobile mapping, the use of 2D la-
ser scanners that can acquire proﬁles of parallel planes
intersecting road infrastructures (helix-shaped point
clouds) is emphasized. The third dimension of the captured
proﬁle data is obtained as a result of the forward move-
ment of the platform of the vehicle on which the 2D laser
scanner is mounted [63].
Recently, multi-beam laser scanners have become com-
mon in the market. These systems use an array of TOF la-
sers to scan and measure simultaneously and in parallel,
producing a higher point cloud density and much better
data ﬁdelity. As a result, multi-laser scanning systems are
used to capture large environments, such as landscapes,
or for environmental modeling tasks. One of these systems
is the VELODYNE HDL-64E S2, which will be further dis-
cussed below [64–66].
The laser pulse repetition rate (PRR), in combination
with the scanning mirror deﬂecting pattern, determines
the LiDAR data collection rate. In the most advanced com-
mercially available LiDAR systems that will be reviewed in
the next chapter, the data measurement rate is typically
50–500 kHz, which allows the user to collect highly accu-
rate data with the required ground point density within a
very short period of time.
2.3. Vehicle coordinate system and boresighting
Mobile laser scanning systems must operate different
sensors to provide geometric quantities (i.e. GPS, IMU,
DMI and LiDAR). Thus, the typical solution is related with
the establishment of a coordinate system in the vehicle.
If we use the solution provided by OPTECH (Fig. 6) [67]
as an example, we can observe the main axis of the vehicle.
The origin of the coordinate system is the IMU system, so
all the sensors must be referenced to this unit.
The GPS antenna is typically located on the highest part
of the vehicle and over the IMU system. The lever arm be-
tween both sensors must be calculated. In many cases, the
GPS and IMU systems manufacturer is the same (i.e. TRIM-
BLE) and this parameter is provided within the technical
speciﬁcations of the system as a whole. A different situa-
tion occurs when the system provides a secondary GPS an-
tenna (Fig. 7). GPS antenna separation is the distance
between the phase centers of the two GPS antennas. This
distance is used by the GPS Azimuth Measurement Subsy-
Fig. 5. Accuracy of navigation results (authors: I. Puente et al., 2012).
Fig. 6. Coordinate systems of the vehicles instrumented with OPTECH
systems. (source: OPTECH Inc., 2012).
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tem (GAMS) to aid in the heading determination. GPS an-
tenna separation is calculated directly using the GPS acqui-
sition software. The procedure consists of 5–10 min of GPS
data acquisition being the vehicle in a static position. Error
compensation provides the determination of the GPS an-
tenna separation with centimeter accuracy.
DMI measures the wheel rotation by generating a ﬁxed
number of pulses per wheel revolution. In addition, it mea-
sures how far the wheel to which it is attached has traveled
during the survey. To use this information, the mobile sys-
tem needs to know exactly where the wheel is with respect
to itself – speciﬁcally, the POS must know where the DMI
reference point is located with respect to the IMU refer-
ence mark. The DMI reference point is placed in the middle
of the tire tread where the tire touches the ground (Fig. 8).
Laser scanner is another component of the mobile Li-
DAR systems that is typically manufactured apart from
the GPS/IMU system. Thus, the relative position (lever
arms and orientation) between the origin of the vehicle
coordinate system and the LiDAR depends on the vehicle
conﬁguration. Lever arms can be measured using a coordi-
nate measurement machine in Gantry conﬁguration, laser
tracker or total station [68,69], while sensor orientation
must be calculated using boresighting procedures. One of
the typical procedures involves the survey of a large ﬂat
building (clockwise and counterclockwise) in order to cal-
culate the rotation matrix using a plane ﬁtting algorithm.
Most of the laser scanning systems complete the geo-
metric information with imaging data from cameras. Cam-
era lever arms, external and interior orientation
parameters must also be measured to perform an accurate
colorization of the point cloud (Fig. 9) [70,71]. Lever arms
are provided by the parts manufacturer or, if not, they
can be measured using Gantry coordinate measurement
machines, laser trackers or total stations.
Fig. 7. Mobile laser scanning system with secondary GPS antenna. Draw representing the OPTECH’s LYNX MOBILE MAPPER. (source: OPTECH Inc., 2012).
Fig. 8. Wheel side view and cross-section, showing DMI reference point
(red mark). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.) (source:
OPTECH Inc., 2012).
Fig. 9. Technical draw of the camera lever arms of the cameras integrated in the OPTECH LYNX MOBILE MAPPER. (source: OPTECH Inc., 2012).
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External orientation of the cameras is evaluated using
photogrammetric software which joins geometric coordi-
nates and camera pixels to calculate the orientation angles.
Typically cameras are located in different positions
depending on the type of vehicle, so this operation should
be speciﬁcally performed for each system.
Interior orientation parameters are provided for each
particular camera and are independent of its position on
the vehicle. Interior orientation can be deﬁned as the pro-
cess of reconstructing the perspective system of the cam-
era when the images are captured. The reconstruction is
based on the internal geometric camera parameters that,
in an ideal system, consist of the principal point position
and principal distance (which deﬁne the spatial position
of the perspective center), as well as the sensor dimen-
sions. In real camera systems, tangential and radial distor-
tions may lead to deviations from the central perspective
model and must be calculated. Symmetric radial distortion
is deﬁned as the radial displacement of an off-axis target
either closer to or further from the principal point. It is
the greatest error source in most imaging systems and sev-
eral mathematical approaches have been proposed for
modeling this error. Interior orientation parameters are
usually calculated by means of camera calibration proce-
dures [72–75].
3. Mobile laser scanning systems
The purpose of this study is to examine the current
market, including the latest MLS systems. In this regard,
different strengths and weaknesses that should be consid-
ered when choosing a MLS system will be described in
chapter 4. Such comparison requires a large number of
parameters, which comprehensively describe the perfor-
mance of a speciﬁc MLS system.
This chapter focuses on two key factors that inﬂuence
data quality in mobile laser scanning: laser scanner prop-
erties and the accuracy of the position and attitude mea-
surements provided by their 3D navigation systems. In
particular, the laser ranging technology, maximum range,
ﬁeld of view, pulse repetition rate, scan frequency, range
accuracy and the precision and density of points are some
of the individual characteristics of laser scanners that will
be important for the subsequent comparison, providing a
basis for chapter 4. Nevertheless, some information regard-
ing the imaging cameras that are integrated into each par-
ticular system is also provided, although it is not included
in the comparison. Furthermore, the data-capture software
and the ﬁrst post-processing tasks will be brieﬂy examined
in this section. Further-developed post-processing soft-
ware packages, such as QT MODELER [76], CARLSON [77],
TERRASOLID [78], TOPODOT [79], GEOSOFT [80], and IS-
TRAM/ISPOL [81], have not been considered in this study.
MLS suppliers appearing in this review include several
large companies, such as TOPCON and TRIMBLE, and med-
ium size companies, such as OPTECH, RIEGL, MDL, SITECO,
3D LASER MAPPING and IGI, which are already well-estab-
lished suppliers of surveying instrumentation and laser
scanning systems for the mapping industry.
3.1. ROAD SCANNER – SITECO
Since 2005, SITECO has carried out research on mobile
mapping in collaboration with the universities of Parma
and Bologna, resulting in the ROAD SCANNER system.
The vehicle integrates a LANDINS navigation system sup-
plied by IXSEA (Fig. 10a) that is based on ﬁber-optic tech-
nology and includes a BD960 GNSS, a last generation L1/L2
receiver board from TRIMBLE. According to SITECO Inf., the
board can operate in GLONASS or RTK, and geosatellite
OMNISTAR High Precision corrections can be obtained. A
BEI HS35 odometer allows an accuracy of 1 mm in the
measurement of distances. The speciﬁcations of the system
(using post-processing) are as follows: X–Y position to
within 0.020 m, Z position to within 0.050 m, roll and pitch
to within 0.005 and true heading to within 0.010. The
DMI is located inside the wheel, which prevents damages
due to strikes against urban sidewalks or other elements.
SITECO Inf. explains that this is a unique characteristic of
the ROAD SCANNER in comparison with the other systems
under study.
The camera system is located on the roof of the vehicle.
It includes a set of 8 last-generation 1 Mpx BASLER SCOUT
cameras with a maximum frame rate of 30 fps (Fig. 10b).
Two of these cameras are located in the front of the vehicle
to form a perfect stereo couple, with one on the right and
one on the left side. Four more cameras are mounted at an-
gles of 45, 135, 225, and 315 to assure full vision of the
road. The camera orientations can be conﬁgured according
to the application requirements.
Fig. 10. SITECO ROAD SCANNER. (a) IXSEA inertial system, (b) camera system, including 8 BASLER Scout cameras, (c) FARO PHOTON 120 mounted on the
roof of the vehicle and (d) Control unit (authors: I. Puente et al., 2012).
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Images are acquired at a constant distance step that can
be set according to need (generally 1–5 m). Each frame is
geo-referenced with the data supplied by the integrated
GNSS/IMU system. It also includes a helical scan provided
by the FARO PHOTON 120 (Fig. 10c). FARO is well known
for its 3D phase difference laser scanners. The laser scanner
adopted for the SITECO solution has its horizontal angular
movement disabled. This infrared helical laser unit scans at
a pulse repetition rate of 976,000 points-per-second, and it
allows the survey of cross sections of the road pavement at
a maximum range of 120 m over a vertical ﬁeld of view of
320 [82].
The control unit (Fig. 10d) is very large and minimally
portable. The co-driver position is occupied by an inte-
grated screen from which the operator controls the survey.
In conjunction with the software employed, the ROAD
SCANNER uses the IXSEA POPINS post-processing system
to integrate all positioning information and calculate the
vehicle trajectory, scan-line positions and orientation.
After this process, RS POST-PROC, RS SURVEY and RS
PLAYER are used for acquisition and post-processing tasks.
3.2. IP-S2 – TOPCON
TOPCON Positioning Systems [83] introduced its mobile
mapping system, the IP-S2 (Fig. 11a), to the market in the
spring of 2009. It includes a TOPCON navigation solution
that combines three different technologies. A TOPCON
dual-frequency 40-channel GNSS receiver updates the po-
sition and clock drift at 20 Hz, and vehicle attitude is pro-
vided by a HONEYWELL HG1700 tactical-grade IMU based
on a ring laser gyro that operates at 100 Hz (information
provided by TOPCON Corp.). The resulting GNSS/IMU posi-
tional data is supplemented by that generated by a wheel-
mounted DMI with an angular encoder operating at 30 Hz
to complete the overall positioning capability. The speciﬁ-
cations of the system after post-processing are as follows:
X/Y position precision of 0.015 m, Z position precision of
0.025 m, roll and pitch precision of 0.020 and true heading
precision of 0.040 (Ag 58 IMU).
The imaging capability is based on the LADYBUG3 mul-
ticamera unit, which consists of six SONY progressive scan
color CCDs (ﬁve in a horizontal ring, one on top) with
2 Mpx per sensor (Fig. 11b). This unit performs 360 pano-
ramic imaging with frame rates up to 15 frames per sec-
ond. The laser scanning is provided by three SICK LMS
291 scanners. One of the laser scanners points directly for-
ward (or backward) towards the road in front of (or be-
hind) the vehicle, while the other two scanners point to
each side to provide a continuous series of range and eleva-
tion proﬁles (Fig. 11c). The SICK LMS 291 unit can measure
outdoor ranges up to 80 m, but the typical range is 30 m for
objects with 10% reﬂectivity. The unit has a motor speed of
75 Hz and can generate a scanning angle that varies from
90 to 180, depending on the model [60].
TOPCON offers another variant of the IP-S2 system
called the TOPCON IP-S2 HD [83], which integrates the
VELODYNE HDL-64E S2 high-deﬁnition LiDAR as the 3D
scanner unit used in the mobile LiDAR systems. It has a full
360 horizontal ﬁeld of view (HFOV) by 26.8 vertical ﬁeld
of view (VFOV), provided by a battery of 64 lasers grouped
into two blocks, with 32 lasers located in the upper block
and the remaining 32 in the lower block of the spinning
head of the LiDAR, which spins at a rate of 5–15 Hz
(user-selectable) and provides 3D data of its surroundings
at a rate of more than 1.3 million points per second. The Li-
DAR operates at a wavelength of 905 nm with a 5 ns pulse.
The distance accuracy is less than 2 cm (1r) for a 10%
reﬂective object at a range of 50 m or an 80% reﬂective ob-
ject at a range of 120 m.
The IP-S2 includes the IP-S2 DASHROAD software,
which allows the user to control ﬁeld data capture, storage
and display (Fig. 11d). It also includes the GEOCLEAN post
processing software, which is responsible for GNSS post
processing and the combination of images and point
clouds.
3.3. MX8 – TRIMBLE
The TRIMBLE MX8 Mobile Spatial Imaging System is an
advanced mobile data capture system that combines imag-
ing and laser scanning capabilities to measure objects. It
has been available since the third quarter of 2010 through
TRIMBLE’s GEOSPATIAL sales channels (information pro-
vided by TRIMBLE Navigation Limited).
The MX8 features a pod-type design (Fig. 12a) that can
be redeployed and installed on a variety of vehicles as pro-
ject demands change. However, this activity is time con-
Fig. 11. TOPCON IP-S2. (a) TOPCON’s IP-S2 compact view, (b) LADYBUG3 multicamera in detail, (c) Positioning unit with LADYBUG3 multicamera and SICK
laser scanners and (d) laptop integration in co-driver’s position (authors: I. Puente et al., 2012).
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suming because of the size of the element and its cabling.
The data capture system integrates a POS LV 420 supplied
by APPLANIX, including two TRIMBLE GNSS receivers (for
determining the accuracy of the vehicle heading). The
APPLANIX POS LV system is a tightly coupled GNSS/IMU
system that optimally blends the inertial data with the
raw GNSS observables from individual satellites at a con-
tinuous high rate (up to 200 Hz). The system has four main
components: an inertial measurement unit that is the
heart of the POS LV system, a POS Computer System, a
GNSS double antenna and a DMI that computes wheel
rotation information to aid vehicle positioning. POS LV
may be used with DGPS and RTK corrections, or with the
POSPac post-processing software which can be used for
further reﬁnement of the collected data set. With post-pro-
cessing, the speciﬁcations are as follows: X–Y position pre-
cision of 0.020 m, Z position precision of 0.050, roll/pitch
precision of 0.015 and true heading precision of 0.020.
The system integrates two RIEGL VQ-250 scanners and
a panoramic imaging system composed of up to six
5 Mpx digital cameras. The capture rate for a typical imag-
ing pod conﬁguration with three cameras is 12 frames per
second. Another 5 Mpx camera oriented for surface imag-
ing completes the system. The RIEGL VQ-250 model pro-
vides a ‘‘full circle’’ scan that can measure ranges up to
200 m (with 80% reﬂectivity). Its echo digitization technol-
ogy enables the analysis of the full waveform and multitar-
get detection [9].
A huge control unit (Fig. 12b) is located inside the vehi-
cle. The TRIMBLE company has also integrated a double-
screen for monitoring the survey from the co-driver’s posi-
tion (Fig. 12c). In addition to the system hardware, TRIM-
BLE has also developed a series of post-processing
software packages. These include the TRIMBLE TRIDENT-
3D DATA CAPTURE software for data acquisition and TRIM-
BLE-3D ANALYST for data extraction and processing,
including the semi-automatic detection, recognition and
extraction of signs, poles, lanes and vertical clearances,
among others [58].
3.4. STREETMAPPER PORTABLE – 3D LASER MAPPING Ltd. &
IGI mbH
3D LASER MAPPING Ltd. has acted as a system integra-
tor for the development of its portable STREETMAPPER sys-
tem (Fig. 13a), in close collaboration with the German
systems supplier IGI mbH. The innovative design of
STREETMAPPER PORTABLE offers nearly the same top-
speciﬁcation sensors as the STREETMAPPER 360 system
(Fig. 13b), but it is built around a lightweight mounting
system and compact control and power unit (information
provided by 3D LASER MAPPING Ltd. and IGI mbH). The
STREETMAPPER PORTABLE is a mobile LiDAR-based terrain
mapping system that consists of the following elements:
one 2D RIEGL VQ-250 with 300 kHz measurement rate,
up to 200 m range and full-waveform LiDAR data; GNSS
Fig. 12. TRIMBLE MX8. (a) MX8 pod-type design, (b) MX8 control unit and (c) integrated double-screen in the co-driver’s position (authors: I. Puente et al.,
2012).
Fig. 13. STREETMAPPER. (a) STREETMAPPER PORTABLE system with a single LiDAR sensor and (b) STREETMAPPER 360 with two RIEGL VQ-250 units.
(source: 3D LASER MAPPING Ltd. and IGI mbH, 2012).
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and FOG-based IMU components combined in the TERRA-
control navigation system; and a camera system compris-
ing one digital 12 Mpx SLR (single-lens reﬂex) camera
with timer unit for precise positioning of each image,
which has a maximum frame rate limited to two frames
per second (or less) depending on the model of the camera.
The TERRAcontrol navigation system comprises one com-
puter unit, one integrated internal survey 12-channel L1/
L2 GNSS receiver, one L1/L2 GNSS antenna and one FOG-
based IMU-IIe inertial measurement unit with a 256 Hz
raw date rate. The speciﬁcations achieved after post-pro-
cessing are as follows: position precision of 0.050 m, roll/
pitch precision of 0.004, and true heading precision of
0.010 [84].
3.5. VMX-250 – RIEGL
The RIEGL VMX-250 is an extremely compact and user-
friendly mobile laser scanning (MLS) measurement unit.
The roof-carrier mounted measuring head (Fig. 14a) inte-
grates two RIEGL VQ-250 scanners, APPLANIX IMU-31
inertial and satellite navigation hardware (belonging to
POS LV 510), and mounting points for digital cameras or vi-
deo equipment. The trajectory evaluation speciﬁcations
after post-processing are as follows: X–Y position precision
of 0.020 m, Z position precision of 0.050 m, roll/pitch preci-
sion of 0.005 and true heading precision of 0.015. The
scanning system is complemented by the VMX-250-CS6
camera system (Fig. 14b), which supports up to six individ-
ual color digital cameras, each sealed with a protective
Fig. 14. RIEGL VMX-250. (a) Scanner and GNSS/IMU and (b) CS6 camera system (authors: I. Puente et al., 2012).
Fig. 15. RIEGL VMX-250. (a) DMI, (b) screen integration in cockpit, (c) control unit and (d) RIEGL VMX-250 system during a survey (authors: I. Puente et al.,
2012).
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housing for reliable operation under demanding environ-
mental conditions. The orientation and position of each
camera is user- selectable. A single cable connects the dig-
ital camera system to the measuring head. Up to four
frames per second is a typical conﬁguration with four
5 Mpx cameras [9].
All of these devices are easily mounted over standard
vehicle roof racks, together with the DMI (Fig. 15a) placed
in the wheel. The overall mounting procedure does not re-
quire more than 10 min, and its portability allows it to be
used in very different platforms (i.e., cars, all-terrain vehi-
cles, trains, or boats). The survey is monitored on a cockpit
screen (Fig. 15b) connected to the small control unit
(Fig. 15c), which is located inside the vehicle (Fig. 15d).
RIEGL has also developed data acquisition software,
RiACQUIRE that monitories and visualizes data during
acquisition; RiPROCESS is designed for the management,
processing and analysis of the acquired data, while Ri-
WORLD transforms the scan data into the coordinate sys-
tem of the trajectory, usually WGS84.
3.6. DYNASCAN – MDL Laser Systems
MDL Laser Systems presented its mobile mapping scan-
ner, DYNASCAN, at the SPAR conference 2010 in Amster-
dam, according to the information provided by MDL Ltd.
The DYNASCAN LiDAR system contains a seamlessly inte-
grated IMU, an RTK GNSS system and a high speed laser
scanner in a single pod. The system is lightweight, small
in size, highly portable and may be mounted on vehicles
or boats to acquire 3D data of objects at a range up to
500 m. There are two versions of DYNASCAN; one has a
single MDL Scanning laser module (Fig. 16a), and the other
has a dual module (Fig. 16b). The modules operate at up to
30 Hz with PRR values of 36 kHz, while maintaining an
accuracy of 5 cm.
The DYNASCAN system includes a complete data acqui-
sition and post processing software suite. Data from all
available sensors are synchronized and recorded. Post pro-
cessed and recorded data may be exported to most 3D
modeling software packages [85].
Fig. 16. MDL DYNASCAN. (a) Single MDL scanning laser module mounted on vehicle and (b) DYNASCAN dual laser scanning conﬁguration. (source: MDL
Ltd., 2012).
Fig. 17. OPTECH LYNX MOBILE MAPPER. (a) LYNX MOBILE MAPPER general overview, (b) LYNX control unit and (c) operator controlling the LYNX survey
(authors: I. Puente et al., 2012).
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3.7. LYNX MOBILE MAPPER – OPTECH
The LYNX MOBILE MAPPER (Fig. 17a) was released at
the end of 2007 by OPTECH. It is capable of generating rich
survey-grade LiDAR and image data at highway speeds.
The LYNX is based on a LiDAR sensor head, which is OP-
TECH’s core iFLEX technology, to collect survey-grade Li-
DAR data at 500,000 measurements per second with a
360 FOV. The positioning system was designed by APPLA-
NIX (POS 520 with 2 GNSS antennas for better heading cal-
culation) and uses TRIMBLE GNSS receivers (information
provided by OPTECH Inc.).
OPTECH provides up to four 5 Mpx digital cameras.
Each camera is boresighted to its LiDAR sensor and pro-
duces geo-referenced images. The camera mounts weigh
approximately 3 kg each, their orientation is completely
user-selectable, and their center of rotation in both axes
is around the CCD. The camera can produce frame rates
up to three frames per second.
The LYNX sensor array is a rigidly mounted platform
that can be used with standard vehicle roof racks or cus-
tom installations. OPTECH does not sell its scanners sepa-
rately as RIEGL or SICK do; they incorporate them
exclusively into the LYNX mobile mapping system. These
scanner units have a maximum range of 200 m and provide
a 360 angular coverage, a pulse measurement rate up to
500 kHz and a scan frequency from 4800 to 12000 rpm
(80–200 Hz programmable). Each sensor detects and re-
cords up to four distinct return measurements for each
outgoing laser pulse, including the last-pulse mode. Simul-
taneous laser pulse return collection is critical for a num-
ber of reasons, e.g., ensuring complete area coverage and
removing vegetation [10].
The LYNX control unit/rack (with embedded navigation
solution) is located inside the vehicle. The control unit
Fig. 18. Technical draw of the LYNX MOBILE MAPPER system. (source: OPTECH Inc., 2012).
Fig. 19. OPTECH Lynx ﬁberglass cover (authors: I. Puente et al., 2012).
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(Fig. 17b) controls the LiDAR data, which is fused with the
GNSS/INS data from APPLANIX’s POS LV520 system, the
DMI information and data from the imaging cameras. In
addition to the hardware components, the LYNX MOBILE
MAPPER software includes LYNX SURVEY for survey plan-
ning and operations and LYNX PROCESS, which processes
the data collected during a LYNX survey. Combined with
APPLANIX’s POSPac processing software, very accurate sur-
vey information is generated.
Because of its portability, the system components can
be used for vehicle or boat work, or for railways surveys.
Fig. 18 shows a technical draw of the system where its dif-
ferent modules are displayed. Hardware installation is
straightforward, with minimal cabling. The operator con-
trols and monitors the survey with a laptop (Fig. 17c) con-
nected to the control unit, which provides real-time data
and image monitoring and color-coded system status
indicators.
Recent Lynx systems provide a ﬁberglass cover to pro-
tect the sensing units of the system from external damages
produced by adverse weather conditions or small strokes
(Fig. 19).
4. Discussion
As stated in chapter 3, this comparison comprehen-
sively assesses the performances and strengths of different
state-of-the art MLS systems on the basis of their impor-
tant aspects. In the previous chapter, the list of deﬁned
descriptors was explored individually for each reviewed
MLS system (e.g. ranging method, accuracy of position
and attitude measurements, pulse repetition rate). These
factors may now facilitate comparison between the
systems.
Four different brands of 3D navigation systems were
compared in order to identify any major differences in per-
formance. Table 1 summarizes the performance of naviga-
tion solutions implemented for the different MLS systems
using a GNNS signal and PPK solution, and Table 2 shows
the performance of the systems with a GNNS outage of
1 min. The data provided by IXSEA (ROAD SCANNER) and
APPLANIX (MX8, VMX-250 and LYNX) are exactly the same
for the X, Y, and Z positions. However, the pitch, roll and
heading data for the MX8 system, which uses the APPLA-
NIX POS 420 inertial unit, are slightly inferior to those ob-
tained for the ROAD SCANNER, VMX-250 and LYNX. This
difference also leads to inferior position evaluation during
GPS outages (Table 2). The X, Y, and Z measurements with
GNSS signal provided by the STREETMAPPER – IGI system
are the least accurate, while the DYNASCAN system pro-
vided the worst solution according to the pitch, roll and
heading speciﬁcations, probably as a result of its RTK
working mode. The TOPCON system produced the best
data for position evaluation, but it generated inaccurate
values for the roll, pitch and heading. On this basis, it can
be concluded that the GNSS position data from the IP-S2
system, especially for the Ag60, are worse than those pro-
vided by the other manufacturers after 1 min of GNSS
outage.
The distance measurement instrument integration is
standard on all models to ensure performance with supe-
rior accuracy, except for the DYNASCAN and STREETMAP-
PER mapping systems, which do not use DMI as a
standard option.
Table 3 summarizes the results obtained for the 2D/3D
laser scanners integrated with the previously shown mo-
bile laser scanner systems. The most accurate system is
the FARO PHOTON 120, with the accuracy of which is pro-
vided by its phase shift measuring technology. The SICK
and MDL scanners show the worst results. It should be
noted that the range accuracy is deﬁned to be the degree
of conformity between a measured quantity and its actual
(true) value. An accurate system is highly recommended
(for example, to obtain road or tunnel cross sections in
road inventories or inspections, to evaluate vertical clear-
ances or for the inspection of abutments and pillars of
bridges). On the other hand, for applications in environ-
Table 1
Quantitative performance evaluation of navigation solution of different MLS systems with GNSS signal and PPK solution (RTK for DYNASCAN).
MLS system MX8 VMX-250/LYNX ROAD SCANNER IP-S2 AG58a IP-S2 AG60a STREET MAPPER DYNASCAN
X,Y Positionb (m) 0.020 0.020 0.020 0.015 0.015 0.050 0.01
Z Positionb (m) 0.050 0.050 0.050 0.025 0.025 0.050 –
Roll and Pitchb () 0.020 0.005 0.005 0.020 0.025 0.004 0.05
True Headingb () 0.020 0.015 0.010 0.040 0.050 0.010 0.1
a TOPCON’s navigation solution uses two different IMUs, Ag58 and Ag60.
b Post-processed accuracy values given as RMS.
Table 2
Quantitative performance evaluation of navigation solution of different MLS systems and PPK solution for a GPS outage of 1 min.
MLS system MX8 VMX-250/LYNX ROAD SCANNER IP-S2 AG58a IP-S2 AG60a STREET MAPPER DYNASCAN
X,Y Position (m)b 0.120 0.100 0.100 0.110 0.265 – –
Z Position (m)b 0.100 0.070 0.070 0.100 0.240 – –
Roll and Pitch ()b 0.020 0.005 0.005 0.025 0.030 – –
True Heading ()b 0.020 0.015 0.010 0.050 0.075 – –
a TOPCON’s navigation solution uses two different IMUs, Ag58 and Ag60.
b Post-processed accuracy values given as RMS.
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mental or mining measurements, a less accurate system
could be useful. The maximum achievable ranges of the
RIEGL, MDL and LYNX scanners are greater than 200 m. It
is known that direct time-of-ﬂight measurements provide
a larger range capacity, while phase-measurement systems
provide better accuracy and a higher data rate. Some TOF
scanners, in particular, the VQ-250 and the LYNX, rotate
the scanning mirrors at user-deﬁnable rates. They also
have selectable pulse rates, allowing ﬂexibility in the point
density (which will be studied later) and in the maximum
measurement range.
Unlike VQ-250, MDL and LYNX scanners, the FARO and
SICK scanners do not provide a full 360 coverage, and they
must be complemented by more than one system to
achieve a complete image. For example, the TOPCON IP-
S2 uses three SICK LMS291 scanners, and SITECO offers
customers the possibility of including three FARO scanners
(Fig. 20) in the new ROAD SCANNER vehicles. With this op-
Table 3
Laser scanner speciﬁcations.
Scanner FARO Photon 120 SICK LMS 291 VQ-250 MDL scanner LYNX laser scanner
MLS System ROAD SCANNER IP-S2 VMX-250 DYNASCAN LYNX MOBILE
MAPPER
Measuring principle Phase difference TOF TOF TOF TOF
Maximum range 120 m (@ q90%) 30 m (Max. 80 m @
q10%)
200 m (for 300 kHz, @
q80%)
Up to 500 m 200 m (@ q20%)
Range precision 1 mm @ 25 m, q90% 10 mm at range 1 to
20 m
5 mm @ 150 m, (1r) 8 mm, 1r
2.7 mm @25 m, q10%
Range accuracy ±2 mm @ 25 m ±35 mm 10 mm @ 150 m, (1r) ±5 cm ±10 mm, (1r)
Laser measurement rate 122–976 kHz 40 kHz 50–300 kHz 36 kHz 75–500 kHz
Measurement per laser
pulse
Practically unlimited Up to 4
simultaneous
Scan frequency 48 Hz 75 Hz Up to 100 Hz Up to 30 Hz 80–200 Hz
Laser wavelength 785 nm (near
infrared)
905 nm (near
infrared)
Near infrared – 1550 nm (near
infrared)
Scanner ﬁeld of view H360/V320 180a/90b 360 360 360
Operating temperature 5–40 C 0–50 C 10–40 C 20–60 C 10–40 C
Angular resolution H0.00076/V0.009 1a/0.5b 0.001 0.01 0.001
Weight 14.5 kg 4.5 kg Approx. 11 kg 11 kg –
Main dimensions
(L W  H)
410  160  280 mm 155  156  120 mm 376  192  218 mm 595  240  255 mm 620  –  490c mm
a SICK LMS 291-S05 used in IP-S2 Compact system.
b SICK LMS 291-S14 used in IP-S2 Compact system.
c Wide length is not provided in the speciﬁcation sheet.
Fig. 20. SITECO solution to achieve a full 360 coverage in the next
generation of ROAD SCANNER vehicles. (source: SITECO Inf., 2012).
Fig. 21. Cross section data obtained with SITECO ROAD SCANNER using only one FARO scanner. The area corresponding to the blind spot is highlighted by a
rectangle. (a) Tunnel and (b) vertical clearance of a bridge. (source: SITECO Inf., 2012).
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tion, the use of the FARO FOCUS 3D laser is also recom-
mended because of its light weight.
The SITECO solution with only one FARO scanner (cur-
rent ROAD SCANNER vehicle) has a blind spot (320 VFOV)
that the company typically locates at the zenith. For this
reason, this system cannot measure vertical clearances or
complete tunnel cross sections during a survey (Fig. 21).
The option shown in Fig. 20 is most recommended.
Another problemwith the use of a single FARO PHOTON
120 is that it scans orthogonally to the driving direction; as
a result, some lateral information cannot be measured. The
latter problem is also shared by TOPCON’s IP-S2, in which
both SICK laser scanners are oriented orthogonally to the
driving direction. This problem does not allow the observa-
tion of trafﬁc sign information during a road survey, for
example, and it makes the quick inventory and inspection
of these elements difﬁcult. The next generation of ROAD
SCANNER with three FARO scanners and other systems,
such as RIEGL, TRIMBLE or OPTECH, establish a non-
orthogonal laser position that provides a complete point
cloud.
System portability is also important for a number of
applications, including roads, railways, mining, and boat
surveys, which must be managed by the same system.
The TOPCON and MDL systems do not use an extra control
unit, and all of the information can be perfectly stored in a
laptop. As a result, they can be easily moved from one plat-
form to another. The RIEGL, STREETMAPPER and OPTECH
systems can also be easily moved because the extra control
unit is easily portable. The SITECO and TRIMBLE solutions
are the less portable because of the large size of the control
unit.
One limitation of the FARO scanner is the non-protec-
tion of the scanner mirror. In mobile environments (roads,
mining, etc.) dust or small stones can hit the mirror, dete-
riorate it and degrade the measurement. Other mobile sys-
tems, such as the RIEGL VMX-250, TRIMBLE MX8 or
OPTECH LYNX, include a protective glass cover over the
mirror system.
During a MLS survey, the achievable point density on
the surface of a target varies signiﬁcantly and depends on
the laser pulse repetition rate (PRR) of the scanner, the
scan speed (or lines per second, LPS), the measurement dis-
tance (r) and the vehicle’s driving speed (v). According to
Fig. 22, the point spacing between two consecutive mea-
surements on a cylindrical surface at a distance r from
the instrument is 2rpLPS/PRR. The spacing between two
scan lines is v/LPS. The average point density D (Eq. (3)), gi-
ven in points per square meter, is determined from the re-
ciprocal of the area of the parallelogram deﬁned by these
two distances and is independent of the scan rate
(Fig. 22) [86].
D ¼ LPS
V
PRR
2rpLPS
¼ PRR
2prv ð3Þ
Fig. 23 shows graphs of the point densities over mea-
surement distances achieved with the MLS systems re-
viewed. The included systems are the VMX-250,
STREETMAPPER and MX8, which use 2 VQ-250 laser scan-
ners each; the LYNX MOBILE MAPPER, which employs 2
OPTECH scanners; the ROADSCANNER, which uses a single
FARO Photon120, the single DYNASCAN scanner from MDL
and the 3 SICK laser scanners used in TOPCON’s IP-S2.
All of the scanners were operated at their maximum
PPR, i.e., 300 kHz for the VQ-250, 500 kHz for the LYNX la-
ser scanners, 976 kHz for the FARO Photon 120, 36 kHz for
the MDL scanner and 40 kHz for each laser SICK.
The point density varies in a signiﬁcant way with the
measurement range. For short distances, such as the dis-
tance to the road pavement, MLS produces very high cloud
densities and a huge amount of data. The ROAD SCANNER,
LYNX MOBILE MAPPER, VMX-250, MX8 and STREETMAP-
PER produce higher point densities than the TOPCON and
MDL mobile systems.
Fig. 24 shows the point cloud obtained from two differ-
ent systems at slow speeds. The driving speed is a key fac-
tor during a survey; consequently, the customer must
adjust those parameters in order to adjust amount of data
and produce the desired measurement resolution.
In fact, driving speed (together with the scan speed) is a
critical parameter for controlling the space between two
consecutive road cross sections. Fig. 25 shows a graph of
the scan line spacing with varying driving speed for the dif-
ferent MLS systems reviewed in this work.
Because it has a maximum frequency of 200 rotations
per second, the laser scanner used in the LYNX MOBILE
MAPPER acquires a road cross section every 3–17 cm,
depending on the vehicle speed (between 20 and
120 km/h). This capability enables the use of this laser
scanner for the evaluation of the condition of pavements
(potholes, ruts and cracks) during road inspections. The
OPTECH scanner and VQ-250 from RIEGL show the best
speciﬁcations in this sense, while DYNASCAN, whose laser
scanner generates one scan line each 1.1 m at a driving
speed of 120 km/h, clearly represents the worst option.
Mobile terrestrial LiDAR systems consist of integrated
digital frame cameras, laser scanners, GNSS/IMU equip-
ment and an operating control unit. To allow for any addi-
tional uses that require GNSS information to be connected
(i.e., an auxiliary camera, road proﬁler or ground penetrat-
Fig. 22. Scheme of scan pattern on a cylinder of radius r around the
driveline with point spacing along the scan line and along the driving
direction (authors: Rieger et al., 2010).
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ing radar), the control unit must include an auxiliary port
that provides an interface directly to the navigation system
and PPS time stamping, as well as a pin connection. These
accessories enable auxiliary sensors to receive the same
GNSS time pulse as the rest of the MLS system. All of the
systems under study demonstrate this capability.
Finally it must be taken into account that in terms of
productivity and security, all systems require at least two
people for surveying, one responsible for driving and an-
other one for controlling LiDAR data collections. The com-
plexity of these systems makes the survey strictly
forbidden using only a single operator.
5. Conclusions
In this work, a review of the ability of land-based mo-
bile laser scanning systems to derive detailed topographi-
cal data was described. The main distinction produced by
the review identiﬁes systems that are ideal for use in car-
tographic mapping applications versus those better suited
for collecting data on infrastructure (e.g. road, rails,
bridges, tunnels) that are needed for inspection, engineer-
ing and management purposes. The accuracy requirements
for the map or survey data change considerably, so every
scanner speciﬁcation should be taken into account in order
to obtain the best solution according to the intended
application.
The ROAD SCANNER system uses the 3D FARO PHOTON
120, a phase difference scanner that provides intermediate
range solutions between TOF and triangulation scanners.
This system offers good performance, and it is one of the
Fig. 23. Point density versus measurement distance at a driving speed of: (a) 50 km/h and (b) 120 km/h. The ROAD SCANNER and LYNX data appear almost
superimposed because of the similar pulse repetition rates of these systems (authors: I. Puente et al., 2012).
Fig. 24. (a) SITECO point cloud superimposed on visible images (speed: 60 km/h) and (b) OPTECH LYNX point cloud (speed: 30 km/h). (sources: SITECO Inf.
and OPTECH Inc., 2012).
Fig. 25. Scan line spacing versus driving speed tested for different MLS
systems (authors: I. Puente et al., 2012).
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most effective solutions among all the systems reviewed,
especially for road inspections. The next generation of
ROAD SCANNER vehicles also offers the possibility to in-
clude three FARO FOCUS 3D laser scanners.
The TOPCON IP-S2 instrument has been used to provide
panoramic views along many streets in the world (in the
GOOGLE STREETVIEW application), but it does not meet
the requirements of a survey/inspection activity, in which
more accurate and detailed point data are needed. How-
ever, it can be very useful for urban mapping applications,
in which less accuracy is required. This system is not suit-
able for applications such as mining and environmental
monitoring because it does not match the needed range
requirements. For these applications, a system such as
the DYNASCAN MDL scanner could be more useful. It has
lower precision, but it enables large-scale detailed 3D
mapping projects because it is capable of measuring long
ranges up to 500 m. The pulse repetition rate and scan
speed parameters are lower than the rest of the MLS sys-
tems using the RIEGL VQ-250 or the corresponding ele-
ment from OPTECH. Typical DYNASCAN applications
include earth moving and volumetric surveys, beach,
dam, canal or riverbank proﬁling, and port and harbor
surveys.
On the other hand, OPTECH’s system shows the best la-
ser speciﬁcations available on the market, collecting pre-
cise XYZ data at a rate of 1,000,000 points per second
(with two sensors). The LYNX MOBILE MAPPER sensors
produce smaller scan line spacing than any other MLS sys-
tem because they incorporate state-of-the-art scanner sub-
systems that rotate the scanner mirror at user deﬁnable
rates from 4800 to 12000 rpm, and it also has a selectable
pulse rate between 75 and 500 kHz. This option is unique,
allowing ﬂexibility of data density and effective range once
the survey is conducted. Other systems, such as the RIEGL
VMX-250, TRIMBLE MX8 or STREETMAPPER, also demon-
strate good characteristics for applications such as road
inspection, but they are slightly below that those observed
for the OPTECH instrument.
MLS systems have demonstrated their power in wide
application areas, and they are gaining widespread accep-
tance with time. With the continuous advancement of mo-
bile mapping technology, as well as the reduced costs of
system development, it can be expected that mobile map-
ping potential will be explored further.
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Chapter 3 
ACCURACY VERIFICATION OF THE LYNX MOBILE MAPPER 
SYSTEM 
Resumen: 
La tecnología LiDAR es uno de los medios más efectivos y confiables de adquisición de 
datos. Dado el uso en aumento de los datos LiDAR para aplicaciones metrológicas de 
corto alcance, tales como la inspección de infraestructuras y la monitorización de sus 
deformaciones, resulta necesario testar la exactitud relativa, la calibración del alineamiento 
de ambos cabezales LiDAR y el comportamiento de la solución de navegación (o exactitud 
absoluta) de cualquier sistema LiDAR móvil empleado para tal fin. Por tanto, la 
contribución primordial de este artículo consiste en el desarrollo de un conjunto de pruebas 
para la caracterización y evaluación de cualquier sistema LiDAR móvil basado en dos 
sensores LiDAR. Presentamos los resultados experimentales del sistema Lynx Mobile 
Mapper de la compañía Optech Inc. 
Empleando un patrón de calibración, hemos demostrado una exactitud subcentimétrica 
para objetos a distancias hasta 10 m. Además, presentamos los resultados del alineamiento 
derivados del sistema Lynx. Por otra parte, se comprueba la exactitud global del sistema 
con una serie de experimentos rigurosos operados a una frecuencia máxima de escaneado 
de 200 Hz, una frecuencia de repetición de pulsos de 500 kHz por sensor y un campo de 
visión de escaneo de 360º. Asegurando buenas condiciones GPS, hemos probado un buen 
comportamiento global del sistema, que lo hace adecuado para aplicaciones muy exactas. 
Palabras clave: Láser escáner, metrología de precisión, calibración del alineamiento
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a b s t r a c t
LiDAR technology is one of the most effective and reliable means of data collection. Given the increasing
use of LiDAR data for close range metrology applications such as deformation monitoring and
infrastructure inspection, it becomes necessary to test the relative accuracy, boresight calibration of
both LiDAR sensors and performance of navigation solution (or absolute accuracy) of any mobile laser
scanning system employed for this purpose. Therefore, the paper’s primary contribution is a set of tests
for the characterization and evaluation of any mobile laser scanning system based on two LiDAR
sensors. We present experimental results of the Lynx Mobile Mapper system from Optech Inc.
Employing a low-cost calibration standard, we demonstrated sub-cm accuracy of targets at distances
up to 10 m. Also, we introduce boresighting results derived from the Lynx system. Moreover, the global
system’s accuracy is tested with a series of rigorous experiments operated at a maximum scan
frequency of 200 Hz, pulse repetition frequency of 500 kHz per sensor and a 3601 scanning ﬁeld of view.
Assuring good GPS conditions, we proved a good global performance of the system, which makes it
suitable for very accurate applications.
& 2012 Elsevier Ltd. All rights reserved.
1. Introduction
There are several methods and tools existing in the current
market that can be used to collect 3D spatial data for mapping
and surveying purposes. These methods include photogrammetry
[1,2], different types of laser scanning and the traditional survey-
ing techniques. Nevertheless, mobile LiDAR technology has been
highlighted in recent years because of its revolutionary key
beneﬁts compared to these other technologies.
Terrestrial laser scanning, for example, continues to prove its
worth in applications such as architectural applications [3],
cultural-heritage recording [4,5] and ground survey tasks [6,7].
However, registration of overlapping scans requires the identiﬁ-
cation of common points in each scan, which currently limits its
efﬁcient use over wide areas.
As a consequence, mobile laser scanning systems (MLS) have
become popular and are increasingly used in providing as-built
and modeling data in civil and environmental applications,
including road-surveying [8], architecture, 3D city modeling or
archeological studies.
These systems show a great potential for acquiring detailed
point cloud data thanks to the combination of one or more LiDAR
devices with an inertial measurement unit (IMU) and differential
GPS that are mounted on the car [9].
The resulting detailed 3D model can be very useful for
engineers to extract, measure and analyze all the required data
in the ofﬁce, avoiding surveyors to return to the site for additional
measurements. Using mobile laser scanner systems will drama-
tically improve safety and efﬁciency over traditional survey
methods.
However, to take full advantage of using laser scanners, they
must be used in appropriate applications. Like any other instru-
ment, the LiDAR sensor of any MLS system has its own set of
limitations and its performance varies with distance, object
reﬂectivity, and angle of incidence to the reﬂective surface. The
technical speciﬁcations of laser scanners as stated by individual
manufacturers are typically difﬁcult to reproduce in real-life
applications.
This paper introduces a new low-cost artifact that makes
possible to evaluate the accuracy and other related aspects for
MLS systems. Some other studies on this topic have been published
previously [10–12]. A veriﬁcation artifact with calibration spheres
is commonly used in metrology if the same magnitudes are to be
measured for different types of case studies. Matlab software was
also used to provide the geometric information of spheres (the X-,
Y-, and Z-coordinates and the diameter) for this purpose. In the
following sections, the steps for the realization of this study are
discussed. Finally, a discussion of the results and some conclusions
are provided.
Contents lists available at SciVerse ScienceDirect
journal homepage: www.elsevier.com/locate/optlastec
Optics & Laser Technology
0030-3992/$ - see front matter & 2012 Elsevier Ltd. All rights reserved.
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2. Material
2.1. System description
The mobile laser scanning system selected for this study was the
Lynx Mobile Mapper, released at the end of 2007 by Optech Inc.
[13]. The Lynx is based on two LiDAR sensors, typically named A and
B (Fig. 1a) to collect survey-grade LiDAR data at 500,000 measure-
ments per second with a 3601 FOV (each scanner). An overview of
the speciﬁcations for the Lynx system is given in Table 1. The Lynx
also incorporates the POS LV 520 produced by Applanix, which
integrates an IMU with a 2-antenna heading measurement system
(GAMS), providing absolute accuracies (RMS) of 0.0151 in heading,
0.0051 in roll and pitch, 0.02 m in X, Y positions and 0.05 m in Z
position (Fig. 1b). All those values are determined by differential GPS
post-processing after data collection using GPS base station data.
Optech provides up to four 5 Mpx digital cameras. Each camera
(Fig. 1a) is boresighted to its LiDAR sensor and produces geo-
referenced images. The Lynx control rack is located inside the vehicle.
The control unit (Fig. 1c) controls the LiDAR data which is fused with
GNSS/INS data from Applanix’s POS LV 520 system, Distance Mea-
suring Instrument (DMI) information as well as imaging cameras.
A three-dimensional point cloud can be generated and used to
provide detailed positions and dimensions of the area over which the
vehicle has driven. Fig. 2 shows the actual system used in the study.
In addition, the Lynx Mobile Mapper system’s performance is
determined by its resolution. The Lynx’s spatial resolution is
selectable in terms of both horizontal and vertical axes. The
horizontal resolution is set by the scan frequency of both LiDAR
heads, that varies from 80 to 200 Hz while the vertical resolution
is deﬁned by the pulse repetition rate (PRR), ranging from 75 to
500 kHz. Moreover, both resolutions are inﬂuenced by the driving
speed, which is also responsible for the space between two
consecutive road cross sections.
2.2. Calibration standard
The calibration standard comprises mostly of ﬁve 100 mm
diameter spheres equidistantly assembled on an aluminum block
and seven cubes of different dimensions, with edges measuring
100, 80, 60, 40, 30, 20 and 10 mm [14,15]. This artifact (Fig. 3) is
manufactured by an accurate CNC (Computer Numerical Control)
machine while the assembly between the delrin spheres and the
aluminum block is performed using screws and epoxy glue.
Spheres are often used instead of 2D targets because they look
the same from each direction and provide well deﬁned reference
points: ﬁtted sphere centers. Moreover, they transfer better
traceability from more accuracy technologies as coordinate mea-
suring machines with touch probes.
The coordinate measuring machines (CMM) are mechatronics
instrumentation composed of three orthogonal axes (X, Y and Z)
in a typical three dimensional coordinate system. The CMM reads
the input from the touch probe directly by the operator handling
or automatically using a software routine. These systems can
typically achieve a precision of 10 mm for lengths around 1 m if
they are accompanied with a strict measurement procedure
(controlled environmental conditions, sufﬁcient number of data,
well trained technicians, etc.). They are specially indicated for
quality control of low tolerances in manufactured parts and for
dimensional measurements of an object. Although this calibration
artifact consists of cubes and spheres, only spheres were indicated
to study the metrological parameters in this work. In this sense,
distance between centers of the spheres allows determining
accuracy and boresight calibration parameters of both LiDAR
sensors.
Fig. 1. (a) Lynx LiDAR sensor and camera. (b) Applanix GPS antenna deployed on the vehicle and (c) Lynx control unit.
Table 1
Manufacturer speciﬁcations for the Lynx Mobile Mapper.
Number of lidar sensors 1–2
Camera support Up to 45 Mpx cameras
Maximum range 200 m, 20%
Range precision 8 mm, 1s
Absolute accuracy 75 cm (1s)a
Laser measurement rate 75–500 kHz programmable
Measurement per laser pulse Up to 4 simultaneous
Scan frequency 80–200 Hz programmable
Scanner ﬁeld of view 3601 without obscurations
Laser classiﬁcation IEC/CDRH class 1 eye-safe
a Tomeet its stated accuracy, the Lynxmust receive GPS data of sufﬁcient quality.
Fig. 2. The Lynx Mobile Mapper system used to collect the test datasets.
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The standard artifact is portable (16.4 kg) and gives the
possibility of performing comparisons between different laser
scanning systems. This characteristic avoids scanner transporta-
tion and the loss of productivity of systems when they are out of
their working place. The system is supported by two tripods on
the Airy points to avoid any bending or drop, which could affect
its mechanical stability. The calibration of the artifact and trace-
ability to the national reference of length is given using the
coordinate measuring machine Mitutoyo Euroc Apex 12010 under
environmental controlled conditions of temperature (2072 1C)
and relative humidity (50710%) environment.
Ten points were taken from each sphere’s surface. The sphere
center and standard deviation (Table 2) were obtained using a
geometric least-squares ﬁtting algorithm. The machine software
provided all the data automatically. These measurements were
performed under ENAC accreditation according ISO 17025:2005
in the AIMEN Technological Center (Vigo, Spain).
3. Methodology
3.1. Test site
Located 10 km to the south of Vigo center, between the
municipalities of Vigo and Mos, the Lagoas-Marcosende campus
comprises an open area with some university blocks interspaced
with green areas (Fig. 4). The test area measured approximately
3 m west to east, by 3 m north to south, where the artifact was
located (Fig. 5). Sky view across much of the strip was good
although there was a small area where the overhanging vegeta-
tion restricted the GNSS signal.
3.2. Data acquisition and processing
It is always mandatory to check the weather forecast before
heading to the survey site. Because Lynx uses light, its data
quality is affected by any atmospheric condition that interferes
with the path of the light, such as pollution haze, smoke, fog, and
precipitation. Also extreme temperatures may cause problems in
cameras and head sensors. As a result of this, we have planned
our Lynx surveys when conditions were favorable for surveying as
there is no way to eliminate the background effect during post-
processing.
During data acquisition, two softwares are used: LV POSView
developed by Applanix and Lynx Survey from Optech. The ﬁrst
one displays useful POS and GPS information during the survey,
and applies lever arm measurements to POS and GPS data.
Meanwhile, Lynx Survey is responsible for planning and control-
ling the survey of the mobile LiDAR, and displays the route plan
and system status information.
The processing of the Lynx Mobile Mapper data is done after
mission in post-processing. We use POSPac MMS 5.4 to process
GPS/IMU/DMI data gathered during the survey, to create a ﬁnal
Table 2
Distance between the centers of the spheres; LSS shows the length and DLSS the
standard deviation. Data were obtained using the Mitutoyo Euroc Apex 12010
coordinate measuring machine.
Spheres LSS (m) DLSS (m)
S1–S2 0.250200 0.000084
S1–S3 0.500143 0.000076
S1–S4 0.750170 0.000142
S1–S5 1.000395 0.000060
Fig. 3. Calibration standard on the test site.
Fig. 4. (a) Google maps visualization of the test site and (b) point cloud of the test.
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SBET (Smooth Best Estimated Trajectory) for Lynx processing. To
improve the accuracy of the mobile GPS; additional GPS measure-
ments are provided from a base station located in Cape Estay,
Vigo. Those variations in the measured GPS location at the base
station and its surveyed location are recorded and timed during
the mission, and applied soon afterwards to the mobile GPS data
during post-processing.
Following that, DASHMap processes all Lynx data. The LiDAR
raw measurements are merged with the SBET to calculate a geo-
referenced point cloud. Finally, we employ Quick Terrain Modeler
developed by Applied Imagery, to visualize and model processed
Lynx data.
3.3. Data set
The Lynx Mobile Mapper survey team acquired two different
datasets at the control test site located in the University of Vigo in
two different days (December 14, 2011 and December 23, 2011).
This provided two independent datasets to allow the consistency
of the captured data to be assessed. Both datasets were selected to
provide different environments so that the general system per-
formance could be assessed in conditions that were expected to
be both good and regular for GPS operation.
During the ﬁrst survey (December 14), a total of ﬁve forward
scans of the standard artifact (strips 4–8) were collected along a
pre-deﬁned route accessible by the vehicle. A local coordinate
system is assumed for the car and the standard artifact: X—driv-
ing direction, Y—horizontal and perpendicular directions and
Z—vertical and perpendicular directions. The calibration standard
was located horizontally and along the driving direction (X-axis).
The second survey, which took place on the 23, repeated the ﬁve
scans in X direction (strips 2–6) and added a total of 5 scans
(strips 7–11) with the standard artifact located horizontally and
perpendicular to the driving direction (Y-axis) and another ﬁve
more (strips 12–16) in the vertical axis, Z. In all these surveys, the
Lynx Mobile Mapper data were processed against a differential
GPS base station located in the Spanish Oceanographic Institute in
Cape Estay, Vigo. The time required for collection was less than
1 h, with vehicle speeds of no more than 20 km/h.
In fact, vehicle’s driving speed is a key factor during a survey;
it is a critical parameter for controlling the space between two
consecutive road cross sections and also the achievable point
density on a surface. In any case, it never affects the absolute
accuracy, which is determined by GPS data of sufﬁcient quality.
4. Results and discussion
4.1. Sphere–sphere accuracy evaluation
To evaluate the relative accuracy of the mobile LiDAR scanning
system, data from repeated scans were compared. Speciﬁcally,
twenty scans of the standard artifact were performed along the
trajectory selected in two different days. The different calibration
standard positions were explained in the previous section. Only
the spheres of the artifact were identiﬁed in each dataset along
the route. Point clouds were extracted from each strip using the
Quick Terrain Modeler software so that we have 5 sets of points
available for each artifact in the Y and Z orientations (December
23) and 10 strips available for the artifact located in the driving
direction (X-axis; December 14 and 23). Coordinates of the center
of spheres are evaluated using a least-square ﬁtting algorithm
implemented in Matlab software (Fig. 6). Because the coordinates
of sphere centers can be estimated from sparse data without
signiﬁcant loss of accuracy, Matlab has become an excellent tool
to examine the MLS system’s accuracy.
Distances between the centers of each sphere (d1–2, d1–3, d1–4
and d1–5) were calculated using
d1i ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðxix1Þ2þðyiy1Þ2þðziz1Þ2
q
ð1Þ
x1, y1 and z1 are the coordinates of the sphere 1 and xi, yi and zi are
the coordinates of the spheres 2–5.
Fig. 5. Point cloud of the calibration standard.
Fig. 6. Least-square ﬁtting algorithm (sphere case).
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Fig. 7. X-axis sphere–sphere accuracy for the distances between centers of the spheres in the artifact (December 14); (a) LiDAR sensor A and (b) LiDAR sensor B.
Fig. 8. X-axis (1), Y-axis (2) and Z-axis (3) sphere–sphere accuracy for the distances between centers of spheres in the artifact (December 23); (a) LiDAR sensor A and
(b) LiDAR sensor B.
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The difference between these length results d1 i and those
obtained from a coordinate measuring machine LSS was then
calculated to give an overall indication of the sphere–sphere
accuracy. The results of this analysis are presented in Figs. 7 and 8.
Figs. 7 and 8 show the sphere–sphere accuracy results mea-
sured for the three axes and for both sensors. In all these cases,
the values are less than 10 mm and in most cases, less than 5 mm.
Correlation between the distance of the spheres centers and
accuracy was not found. Also, there is no simple correlation
between accuracy and the orientation of the standard artifact.
The relative accuracy is independent of the GNSS conditions.
During periods of GNSS outages, like in tunnels, high buildings or
tree canopies, only the absolute accuracy decreases.
4.2. Boresighting accuracy evaluation
The relative position of the LiDAR sensors with regard to the IMU
can be measured directly at the sensor assembly once they are
mounted. Unfortunately, it does not happen with the relative
orientation. Every time the LiDAR sensor heads are installed or moved
within the roof rack of the Lynx system, small changes in the
alignment may occur, requiring ﬁeld testing of the boresight calibra-
tion parameters. There are primarily 3 parameters affecting the
calibration of the Lynx System (heading, pitch and roll). The best
way to calibrate the Lynx system is to correct for these parameters in
that order. This task is performed manually and results can be
computed to an acceptable accuracy level.
Fig. 9 exhibits the boresighting accuracy for the sphere centers
measured independently by LiDAR sensors A and B. Using the
aforementioned formula (Eq. (1)), we can calculate the differences
between the centers measured by each of the sensors (boresigthting
accuracy) doing a small arrangement to this speciﬁc case (Eq. (2)).
These results are evaluated and represented in the graphics below,
one per each different survey
acc ðboresightÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð½xiA½xiBÞ2þð½yiA½yiBÞ2þð½ziA½ziBÞ2
q
ð2Þ
Fig. 9. Accuracy measured for the sphere centers in the artifact, for LiDAR sensors A and B of the Lynx Mobile Mapper; (a) shows the data from the ﬁrst survey (December
14) and (b) shows the data from the second survey (December 23).
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where [xi]A, [yi]A, [zi]A are the coordinates of the i sphere center
obtained from LiDAR sensor A and [xi]B, [yi]B, [zi]B are the coordinates
of the i sphere center obtained from LiDAR sensor B.
Again, there is no clear correlation between the accuracy and
the orientation of the artifact. Nevertheless, a clear difference (1–
4 cm) appears between measurements taken from sensors A and
B. This suggests that an important contribution to these differ-
ences could come from a system miscalibration.
4.3. Absolute accuracy evaluation
The absolute accuracy evaluates the reliability of the mobile
LiDAR in the measurement under global coordinate systems. Eq.
(3) shows the accuracy value in mathematical form
acc ðabsoluteÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðxixavgÞ2þðyiyavgÞ2þðzizavgÞ2
q
ð3Þ
where xavg, yavg and zavg are the average coordinates for the center
of each sphere and xi, yi and zi are the coordinates obtained from
each of the different twenty scans.
This absolute accuracy is dominated by the quality of the GNSS
solution. Under good conditions (PDOPo2.5), situation that
corresponds to Figs. 10 and 11, the accuracy values in X, Y
(position coordinates) and Z coordinate (elevation) are all under
2 and 2.5 cm, respectively. These ﬁrst two graphics below
represent strips 4–8 corresponding to the survey of December
14 and strips 2–6 belonging to the second day of the survey
(December 23). Nevertheless, once the PDOP starts rising up
(PDOP44), errors increase too (Figs. 12 and 13). It is the case
for strips 7–16, where the maximum values are 10 cm for the X
coordinate, 25 cm for Y and 30 cm for Z coordinate.
It is important to note that GPS heights tend not to be as
accurate as the GPS horizontal positions. If we simplistically
consider just four satellites, the ‘‘optimum’’ conﬁguration for best
overall accuracy is having the four satellites at 40–551 above the
horizon and one in each general direction N, E, W, and S. The
similar ‘‘best’’ arrangement for vertical position is with one
satellite overhead and the others at the horizon and 1201 in
azimuth apart. Obviously, this arrangement is very poor from a
signal standpoint. Consequently, the potential vertical error for
any GPS position will be greater than the horizontal error for that
same position.
5. Conclusions
Within this paper, the feasibility of the Lynx Mobile Mapper
system to produce dense 3D measurements at a relative accuracy
(sphere–sphere accuracy) level of 10 mm or less has been demon-
strated using a low-cost mechanical calibration standard for
the comparison. As well, based on two different datasets at the
control test site located in the University of Vigo, some remaining
differences between the point clouds from both LiDAR sensors
could be detected due to an imperfect boresight calibration.
Fig. 10. X-axis, Y-axis and Z-axis accuracy for strips 4–8 (artifact located in the X orientation). These strips were surveyed under a PDOP value less than 2.5.
Fig. 11. X-axis, Y-axis and Z-axis accuracy for strips 2–6 (artifact located in the X orientation). These strips were surveyed under a PDOP value less than 2.5.
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This problem can be corrected capturing features like house
corners in multiple paths and ﬁxing the misalignment before
undertaking a new project. Absolute accuracy levels around 1–
5 cm make this mobile system convenient to carry out many
mapping and surveying tasks. Although, we may assure a good
GNSS coverage (PDOPo2.5). If not, we can observe how errors
may increase up to 0.3 m. In fact, altitude error tends to be
considerably worse than the horizontal (position error), some-
thing that can be derived from the graphics. This is principally
because the satellite geometry is essentially one-half of the
optimal conﬁguration.
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Chapter 4 
VALIDATION OF MOBILE LIDAR SURVEYING FOR MEASURING 
PAVEMENT LAYER THICKNESSES AND VOLUMES 
Resumen: 
La tecnología LiDAR es una de las temáticas más populares en las inspecciones de 
carreteras. Esta tecnología no destructiva es adecuada para adquirir datos de inspección de 
infraestructuras relativos a la geometría 3D y radiometría. El radar de penetración terrestre 
ha sido tradicionalmente usado para medir el espesor de pavimentos, aunque dicha técnica 
requiere datos de referencia (cores) cuando se inspecciona en configuración ground-
coupled. Con este trabajo, un nuevo método alternativo al GPR ha sido estudiado para 
determinar los espesores y volúmenes de capas de pavimento. Analizamos el 
comportamiento de la tecnología LiDAR móvil en ese ámbito y comprobamos su exactitud 
en comparación con los resultados obtenidos con una antena GPR de 2.3 GHz en modo 
ground-coupled. Los resultados presentados se basan en datos de campo recogidos de la 
autovía Ourense-Celanova, en el noroeste de Galicia. Dichos resultados demostraron el 
potencial del sistema Lynx Mobile Mapper para obtener espesores de pavimentos en 
autovías de nueva construcción con errores que serán siempre menores de 1.5 cm. 
Palabras clave: LiDAR móvil, georradar de penetración terrestre, espesor de capa,
pavimento. 
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Mobile LiDAR surveying is currently one of the most popular topics in road inspections. This non-
destructive technology is suitable for collecting infrastructure inspection data related to 3D geometry
and radiometry. Ground penetrating radar (GPR) is traditionally used to measure pavement thickness,
though this technique requires reference data (cores) when surveying in a ground-coupled conﬁguration.
Within this work, a new alternative method to GPR has been studied for determining pavement layer
thicknesses and volumes. We analyze the performance of mobile LiDAR technology in this scope and test
its accuracy compared to the results obtained with a ground-coupled 2.3-GHz GPR antenna. The ﬁndings
presented here are based on ﬁeld data collected from the Ourense–Celanova highway, in Northwestern
Galicia. The results showed the potential of the Lynx Mobile Mapper to obtain the designed pavement
thickness of newly constructed roadways with errors that are always less than 1.5 cm.
& 2013 Elsevier Ltd. All rights reserved.1. Introduction
Road surface maintenance has been a constant concern for the
Spanish Road Directorate. The pavement life-cycle is not only
affected by the number of heavy load repetitions applied, but also
by the layer thickness. Layer thickness is a vital factor deﬁning the
quality of pavement since deﬁciencies in thickness reduce its life
[1]. Pavement in poor condition can result in increased user cost,
travel delays and a higher probability of crashes. Therefore,
pavement maintenance and preservation are key processes in
any country′s road management program. Data imported into this
management system will help select the appropriate time frame
for rehabilitation activities.
During the last few years, ground penetrating radar (GPR) has
been used for engineering and geophysical surveys. GPR uses radio
waves with a frequency between 100 MHz and 2 GHz to determine
subsurface features. The determination of these features is based
on the contrast in electrical and magnetic properties between
materials as the radio waves travel through them.
Thanks to its high-frequency, vehicle-mounted antennas, GPR
technology can be used to ﬁnd voids or cracks under pavement or
monitor quality control on new asphalt overlays. But above all,
measuring pavement layer thickness is one of the most commonll rights reserved.
+34 986 811 924.
rchisolla@uvigo.es (M. Solla),
es (P. Arias).applications of GPR [2–4]. In fact, some studies have shown that
with proper ﬁeld methodologies and data processing techniques,
thickness measurements of newly built pavement with layers
thinner than 250 mm using GPR are typically accurate to within
73% [5,6].
Depending on the way antennas are used, GPR systems are
classiﬁed as air-coupled (launched) or ground-coupled systems. In
air-coupled systems, the antennas are typically 400–500 mm above
the surface, while a ground-coupled system's antenna is nearer the
surface, approximately above 50–100 mm. As a consequence, while
air-coupled systems are allowed to operate at speeds of up to 120 km/
h, the ground-coupled systems are limited to a cruising speed of 80–
100 km/h. Furthermore, the most recent GPR technology called
“multi-channel antenna array systems”, allows three-dimensional
imaging of the complete road section, however it shows more
limitations when operating in ground-coupled conﬁguration. The
surveying speed is lower with these systems, between 5 and 15 km/
h, which can greatly obstruct trafﬁc in highways.
On the other hand, mobile surveying is a quick, safe, and
information-rich way to capture physical information [7]. Mobile
LiDAR technology provides accurate, three-dimensional data from
a moving platform that can be very useful for professionals in the
Civil Engineering and Construction domain [8–10]. Consequently,
we propose in this paper a non-destructive, LiDAR-based method
to generate a representative amount of pavement thickness data
points. The objectives of this work have been to develop and test
the aforementioned method for obtaining accurate pavement layer
thickness data.47
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2.1. Area of study
The stretch selected for this study is situated between KP. 0
+100 and KP. 0+300 on the Ourense–Celanova highway. This new
motorway is expected to be, after its inauguration in February
2013, one of the main roads of inland Galicia (Spain) that will
result in a quick connection route to the cities of Northern
Portugal. This motorway is projected as a public–private partner-
ship between the regional Transport Administration (Xunta de
Galicia) and the construction companies Copasa SA and
Extraco SA.
The site, consisting of newly constructed pavement, was
surveyed during the summer of 2012. The section tested contains
two lanes. The pavement is composed of different types of layers,
following the instructions contained in the Regulation 6.1 IC Road
surface sections, from the Spanish Ministry of Public Works. The
theoretical layer thicknesses are shown in Table 1.
2.2. Mobile LiDAR vehicle; data acquisition and processing
Data collection was carried out in a series of short, longitudinal
strips as the Lynx Mobile Mapper vehicle from Optech (Fig. 1)
drove along the lane, starting at KP. 0+100 and going until KP. 0
+300. The system integrates a GPS/INS navigation system (POS
520-2 GPS antenna), 2 LiDAR scanners and four digital cameras (BB
500GE). The technical characteristics of this system are shown
below: Table 2
Each strip was collected at a different epoch, just after the layer
was paved. Every survey line contains point cloud data acquired at
the maximum values for pulse repetition frequency (PRF) and scan
frequency of the scanners (500 kHz and 200 Hz, respectively).
Every mobile LiDAR survey began and ﬁnished with the
acquisition of 5 min of GPS data in an area with small PDOP (high
GPS precision). The average time for each survey was 15 min, with
vehicle speeds of no more than 20 km/h.
The Lynx's spatial resolution (or interval) is dependent on four
parameters: PRF, scan frequency (or lines per second, LPS),
distance from the instrument (r) and driving speed (V). The spaceTable 1
Layer material type and thickness data.
30 cm of sub-base (type S-EST 3)a
20 cm of soil–cement base
7 cm of bituminous-treated base (type AC base 32 50/70 G )
5 cm of intermediate course (type AC bin 22 50/70 S )
3 cm of surface layer (type BBTM 11B BM3b) b
a The sub-base for paving was placed on the subgrade before the ﬁrst mobile
LiDAR data acquisition started. Hence, this layer was not included in the study.
b There are no surface layer data available for this study.
Fig. 1. Area of study in the Ourense–Celanova highway. Als
48between two consecutive measurements on a cylindrical surface
at a distance r from the instrument is 2rπ(LPS/PRF) while the
spacing between two scan lines is V/LPS. Based on the speciﬁca-
tions used, the results are as follows: 2.7 cm between two scan
lines and 1 cm between two consecutive points (r¼4 m) [11].
The synchronization of data from multiple sensors of the
mobile unit is achieved using the time stamp and the PPS of the
GPS/INS system [12–15].
The data processing is performed using speciﬁc commercial
software programs. A powerful GNSS/Inertial processing software
combines the DGPS trajectory with the observations from the
inertial navigation system (INS) and the distance measurement
indicator (DMI) using a Kalman ﬁlter to obtain a best estimate of
the vehicle trajectory [16].The corrected trajectory ﬁle exhibits a
precision higher than 2 cm in XY and higher than 4 cm in Z.
Then, a fully featured processing suite for airborne and mobile
LiDAR data combines the range and angle information obtained
from the scanners with the trajectory information. The resulting
point cloud was then exported to a terrestrial 3D LiDAR processing
software, as it appears in Fig. 2.
Although the strips were initially georegistered, their precision
(4 cm in Z) were not high enough to measure pavement layer
thicknesses. As a result, we have to register them using the
position of corresponding points in all the strips imported. We
used 8 retro-reﬂective targets as control points, mainly located in
the ﬂyover and its surroundings, showing up clearly in the
amplitude data of the scan data and which were accurately
localized using a total station. Also, additional control points were
temporarily deﬁned (well known features like corners or edges) to
improve the registration. The registration procedure (also called
alignment) consists of transferring the resulting point cloud layers
in SOCS (Scanner′s Own Coordinate System) into the Project
Coordinate System (PRCS) to obtain a unique 3D set of pavement
layers.
The control point′s method consists of ﬁnding corresponding
control points (minimum of three) in two different range data
determining transformation parameters which minimize the sum
of squared distances (SSD) among all the point pairs. Then, a
multistation adjustment can be performed based on the ICP
method [17] to improve the registration. Analytically, registration
involves the computation of rotation and translation parameters,o, an overview of the Lynx Mobile Mapper is provided.
Table 2
Lynx Mobile Mapper speciﬁcations.
Maximum range 200 m
Range precision 8 mm (1 s)
Absolute accuracy 5 cm (1 s)
Scan frequency 80–200 Hz
Scanner ﬁeld of view 3601
Laser measurement rate 75–500 kHz
Fig. 2. Point cloud data corresponding to the soil–cement base layer.
Fig. 3. Pavement layer point clouds after the registration: (A) general overview and
(B) detailed cross-sectional view of 2 cm wide under the ﬂyover.
Fig. 4. GPR data acquisition design composed by two longitudinal proﬁles over the
trajectory deﬁned by LiDAR control points. The main components of a GPR system
are also illustrated: GPR antenna (composed by transmitting and receiving
antennas), control unit (ProEx) and laptop.
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sufﬁcient control points have been gained, T can be determined.
The residuals on these control points after the rigid body trans-
formation were 0.006 m. More details about this procedure can be
found in [18].T ¼
cos ðPÞ cos ðYÞ  cos ðPÞ sin ðYÞ sin ðPÞ tx
cos ðRÞ sin ðYÞ þ sin ðRÞ sin ðPÞ cos ðYÞ cos ðRÞ cos ðYÞ sin ðRÞ sin ðPÞ sin ðYÞ  sin ðRÞ cos ðPÞ ty
sin ðRÞ sin ðYÞ cos ðRÞ sin ðPÞ cos ðYÞ sin ðRÞ cos ðYÞ þ cos ðRÞ sin ðPÞ sin ðYÞ cos ðRÞ cos ðPÞ tz
0 0 0 1
2
6664
3
7775 ð1Þwhere tx, tx and tz are the translations along x, y and z-axes,
respectively. Rotations are depicted by R (roll angle), P (pitch) and
Y (heading).
Fig. 3 depicts the result after the registration of all pavement
layers studied here.2.3. GPR surveying; data acquisition and processing
The GPR surveys were conducted with a GPR ProEx system, and
the antenna with a central frequency of 2.3-GHz was selected due
to its appropriate compromise between penetration and resolution
for estimating bituminous pavement thicknesses (approximately
15 cm depth). The 2.3-GHz frequency provides signal penetration
to a depth of approximately 0.4 m (under optimal conditions) and
a spatial resolution of 1.4 cm, based on an average radar wave
velocity of 12.5 cm/ns for asphalt media. This velocity value was
taken from published literature [19]. Eq. (2) was used to calculate
the spatial resolution [20]:
Rv¼ vΔt
4
ð2Þ
where v is the radar wave velocity (cm/ns) and Δt is the effective
duration of the radar pulse (ns).
Two GPR proﬁles were acquired with a ground-coupled con-
ﬁguration (Fig. 4). The data acquisition was conducted using the
common-offset mode (CO) with the antenna polarization perpen-
dicular to the data collection direction. Using the CO mode, one or
two antennas (shielded or unshielded, respectively) are moved
over the surface in a speciﬁc direction while a constant distance is
maintained between the transmitter and the receiver. The 2.3-GHz
data was collected using a total time window of 15 ns, 344 samples
per trace, and 2 cm trace-intervals. Using this trace-interval, each
proﬁle of 10 m long was composed of 500 traces (reﬂected signal
registered). As two proﬁles were collected, a total of 1000 thick-
ness measurements could be obtained for further comparison withthe LiDAR data. To measure the proﬁle length, the GPR antenna
was mounted on a survey car with encoder (odometer wheel) as
seen in Fig. 4. Additional control points, ﬁve per proﬁle, were
located in the longitudinal proﬁles analyzed to georeference each
GPR proﬁle in the coordinate system deﬁned by the LiDAR.49
Fig. 6. 2.3-GHz radargram and the individual pulse from the static data acquired at
the core site. The radargram has reﬂections at different interfaces: air/ground (R1),
intermediate/base (R2) and base/soil–cement (R3).
Table 3
Average radar-wave velocities calculated for the different type of asphalt concrete.
The velocity values were obtained using the manual difference pick application by
assuming a known thickness obtained from coring measurements.
Pavement structure (layers) Velocity (cm/ns)
Intermediate course 11.9
Bituminous-treated base 11.3
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LiDAR system and the location of the corresponding trace in the
GPR data acquired over these points, GPR proﬁles were accurately
registered in relation to the 3D geometric model.
The GPR data collected was treated with a GPR processing
software [21] in order to correct the down-shifting of the radar
section due to the air–ground interface and to remove both low
and high-frequency noises in the vertical and horizontal direc-
tions, as well as to amplify the received signal. The procedures to
correct GPR data were performed in the following sequence: time-
zero correction, dewow ﬁltering, gain application (“gain function”
with linear and exponential components), and spatial ﬁltering
(“background removal”).
As an example, Fig. 5 shows the processed data obtained in
proﬁle 2 (Fig. 4). Observing the radargram, the 2.3-GHz frequency
provided identiﬁcation of the reﬂection at the interface between
both intermediate and base layers (R2 in Fig. 5), in addition to the
reﬂection at the base/soil–cement interface (R3). However, this
frequency did not allow the identiﬁcation of the reﬂection at the
interface between the soil–cement base and the sub-base at 32 cm
in-depth (Table 1), most probably because the signal penetration
(0.4 m in optimal conditions) was too small to reach this interface.
This particular GPR software allowed the extraction of the
longitudinal proﬁle of the thickness for each layer. For each layer,
the phase follower pick in time application was used to obtain the
proﬁle of the wave travel-time distance (Δt) for all the traces in the
GPR proﬁle. Knowing the propagation velocity of the radar-wave
(v) and the travel-time differences (Δt) to and from the target, the
layer thicknesses can be derived using Eq. (3):
d¼ v t
2
ð3Þ
where the thickness is coincident with the distance traveled by the
radar-wave (d), v is the velocity of propagation and t is the travel-
time difference (Δt) to and from the target.
The radar-wave velocity was determined for each type of
bituminous asphalt concrete. The velocity was calculated from
Eq. (3) using the actual thicknesses determined by coring (“ground
truth”). Two cores, one per proﬁle, were taken for GPR calibration
in order to provide an average velocity for each different pavement
layer. A GPR proﬁle was acquired at each core site in static mode
(0.02 s trace-interval) to achieve higher stability in the GPR signal,
and each measurement was repeated 10 times to provide an
accurate average value. For calculations, the manual difference
pick application was used by considering the wave travel-time
distance (Δt) from reﬂections at known distances (the reﬂections
at the air/ground interface to the interfaces between differentFig. 5. 2.3-GHz data collected in the proﬁle 2 (Fig. 4). The reﬂections at different interf
base/soil–cement (R3).
50layers), as illustrated in Fig. 6. The interfaces were identiﬁed
because they showed a rather strong signal, which was produced
by the large dielectric contrast between the different media.
Observing the individual pulse in Fig. 6, the polarity of the
radar-wave at the reﬂection between the bituminous intermediate
and bituminous-treated base layers (R2) showed inversion with
respect to the upper reﬂection (R1). Inversion in polarity is
produced because the lower medium has a higher dielectric
constant (ε) than the upper medium. Table 3 shows the average
radar-wave velocities calculated for each type of asphalt concrete
in this investigation. The differences observed in velocities demon-
strate the importance of appropriate calibration of the radar-wave
velocity for each particular case to obtain accurate pavement
thickness estimates. Once the radar-wave velocities were esti-
mated, the entire proﬁles of the wave travel-time distance were
transformed into layer thickness proﬁles.3. Pavement layer thickness and volume estimation
This section introduces an algorithm to compute the thickness
and volume of pavement layers from scanned data obtained by the
Lynx system. To accomplish this, the pavement layers must
initially be co-registered all together in the same reference frame.aces where interpreted in radargram: air/ground (R1), intermediate/base (R2) and
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Validation of mobile LiDAR surveying for measuring pavement layer thicknesses and volumesThe proposed algorithm was designed as follows and is
completed in two steps: (1) thickness calculation and (2) volume
estimation. It uses the geometric information from two consecu-
tive pavement layers in Matlab. The applicability of this algorithm
is checked through tests using rectangular pairs of layers whose
dimensions are 10 m by 5 m.
The algorithm makes use of interpolation functions for scat-
tered data (x,y,z) to create a ﬁtted 3D surface.
The next step is to calculate the difference between the z values
for two pavement layers. The difference in height between two
interpolated points with the same x,y coordinates is measured. The
mean of those values represents the average thickness for this
speciﬁc layer and a standard deviation for this result is also
provided to check how far the data is spread apart. The distribu-
tion of the thickness for an example layer is shown in Fig. 7. It
should be noted that this technique takes into account the 3D data
from all layers.
For the volume estimation, we need to ﬁrst create a rectangular
grid superimposed over both layers. The spatial resolution, deter-
mined by the distance between grid cells, was set to 0.1 m, though
this is a user-deﬁned parameter.
We then calculate the interpolated Z values for both pavement
layers, using the XY grid coordinates and the aforementioned
interpolant. The difference in height between two interpolatedFig. 8. Colormap representing the
Fig. 7. Histogram of the soil–cement base layer thickness.points with the same XY grid coordinates is again measured. Fig. 8
illustrates the color map generated after this calculation.
Finally, in order to calculate the layer volume, we multiply each
grid area (0.01 m2) times the corresponding height of each
grid cell.4. Results and discussion
The proposed algorithm was applied to the pavement scanning
data and the results obtained are presented in Table 4.
To verify the above experimental results, a comparison with
GPR data was performed. This non-destructive testing method was
used at the test site and a total of two proﬁles of 10 m long were
obtained and accurately registered to the LiDAR layers using the
control point locations. Only intermediate and base thicknesses
were analyzed due to the previously mentioned limitations of the
2.3-GHz signal.
Figs. 9 and 10 display the punctual thicknesses measured for
both layers in proﬁles 1 and 2. In proﬁle 1, thicknesses vary
between 4–5 cm for the intermediate layer and 6–7 cm in the
base layer. The thickness is similar in proﬁle 2 for the base layer,
the intermediate layer thicknesses range from 5 to 6 cm. The
absolute errors (Figs. 11 and 12) are calculated as the difference
between the LiDAR and GPR data (ground truth results). These
differences are always less than 71.5 cm. In proﬁle 1, the absolute
errors for the intermediate and base layers were computed with
s¼4.3 mm and 3.1 mm respectively. In proﬁle 2, the correspond-
ing swere 2.4 mm and 3.2 mm. The average percentage error is 9%
at maximum, being slightly smaller for the intermediate layer (7%).
It should be noted that these errors can be dependent on the range
precision recorded by the Lynx scanners (8 mm, 1s). Other error
sources are related with GPR, GPS shortages during the datathickness of every grid cell.
Table 4
Average layer thickness, standard deviation of the average layer thickness and
volume estimation.
Layer Average
thickness (m)
Standard
deviation (m)
Volume
(m3)
Soil–cement base 0.184476 0.021378 81.078056
Bituminous-treated base 0.069018 0.017718 28.762702
Intermediate course 0.045320 0.028618 19.949849
51
Fig. 9. Thickness measurements for the intermediate and base layers in Proﬁle 1.
Fig. 10. Thickness measurements for the intermediate and base layers in Proﬁle 2.
Fig. 11. Absolute errors measured for the intermediate and base layers in Proﬁle 1.
Fig. 12. Absolute errors measured for the intermediate and base layers in Proﬁle 2.
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Validation of mobile LiDAR surveying for measuring pavement layer thicknesses and volumesacquisition or registration errors in the alignment of successive
point cloud layers into the same local coordinate system.5. Conclusions
In this paper, we have presented a novel method to evaluate
pavement layer thicknesses and volumes. The mobile LiDAR
method offers important advantages to this purpose, because it
can provide the complete 3D geometry of newly constructed
roadways. With the use of the geometric information extracted
from laser scanning data, four pavement layers were analyzed as
part of this study. Based upon the acquired data, the developed
algorithm allowed not only to conduct both punctual and average
thickness measurements, but furthermore to measure the volume
of the layers.
The numerical assessment of the layer thickness accuracy was
evaluated using two 2D longitudinal proﬁles acquired with a 2.3-
GHz GPR antenna. The 2.3-GHz frequency provided the identiﬁca-
tion of the two shallowest interfaces (intermediate-base and base/
soil-cement interfaces). For that reason, only the intermediate and
base layers were compared. These results, with errors that are
always less than 1.5 cm, were affected by the registration process,
GPR and GPS errors in the data collection as well as the range
precision of the Lynx scanners (8 mm, 1 s).Acknowledgments
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Chapter 5 
AUTOMATIC SEGMENTATION OF ROAD OVERPASSES AND 
DETECTION OF MORTAR EFFLORESCENCE USING MOBILE 
LIDAR DATA 
Resumen: 
Este trabajo presenta un novedoso método para automatizar el proceso de detección de 
eflorescencias en pasos elevados utilizando para ello, las informaciones geométrica y 
radiométrica de los datos LiDAR móvil. El estudio está basado en tres grupos principales 
de algoritmos. Primeramente, se implementa un algoritmo de filtrado de datos basado en 
filtros de vegetación, radial y de normalización de la nube de puntos. 
Un segundo grupo de algoritmos de segmentación y clasificación utiliza el ángulo de 
incidencia derivado de los sensores LiDAR para separar pasos elevados de  los datos de 
pavimento. Finalmente, se desarrolla un algoritmo para clasificar eflorescencias 
considerando que su reflectividad será menor que la del granito circundante. Los resultados 
experimentales demuestran la efectividad del método, utilizando datos de campo 
pertenecientes al Puente Nuevo de Ourense (España). 
Palabras clave: LiDAR móvil, estudio topográfico, procesado de nube de puntos.
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The economic growth of a country tends to be largely accom-
panied by the development of its road infrastructure. Thus, almost
all developed countries invest heavily on their transportation
network to contribute to improving the competitiveness of their
companies and the quality of life for citizens. One of the most
expensive and vulnerable elements in road infrastructures are the
bridges [1]. The bridges deteriorate with age, stemming from the
effects of heavy trafﬁc loads and aggressive environmental condi-
tions, resulting in more frequent repairs and typically reducing
their load-carrying capacity. Most damages in bridges are related
to the presence and inﬁltration of water, which typically comes
with vegetation and efﬂorescence of concrete blocks. The efﬂor-
escence occurs when the soluble salts and other water-dispersive
materials come to the surface of concrete [2,3].
One of the technologies with applicability to the detection of
efﬂorescence in infrastructures is the Raman analysis with mobile
instruments. The development of lasers and optoelectronics allows
the use of portable systems for the inspection of materials.
Although these systems are portable, they are not very productive
for the inspection of large infrastructure corridors, were many
structures can be found [4].
Light Detection and Ranging (LiDAR) has been extensively used in
surveying since the early 70's. This non-destructive technology allows
distance and radiance measurements using a pulsed/modulated laserll rights reserved.
rge).emitter. The distance to the object is determined by measuring the
time of ﬂight or the phase shift between the pulse emission and
detection [5]. This technology shows many applications in the ﬁelds of
geology [6], environment [7–9], mining and civil engineering [10,11].
During the last 5 years, some companies have entered themarket with
mobile LiDAR systems, which acquire geometric and radiometric
informations of the road in a quick and accurate manner. These
systems integrate LiDAR sensors (3601) with a Global Navigation
Satellite System (GNSS) for positioning and an Inertial Navigation
System (INS) for orientation [12–14].
Mobile LiDAR systems provide dense point cloud datasets
(between 100 and 500 million points is common) that must be then
post-processed to obtain manageable information. The data acquisi-
tion and processing are quite automatic and robust and allow users to
obtain the point clouds relatively quick. However, the automatic
extraction of characteristics from point clouds is still under develop-
ment in the research laboratories. This knowledge is not fully mature
to be transferred to the main software suites.
Several works exist regarding the automatic extraction of road
characteristics from LiDAR data. For example, Jaakkola et al. [15]
worked on the detection of the road curbstones using gradients in
a height plane. Hernandez and Marcotegui [16] presented an
automatic ﬁltering approach to automatically extract the contour
between pavements and roads, using a quasi-ﬂat zone algorithm.
The edges are evaluated with the local height difference along the
corresponding boundary. Denis et al. [17] extracted and modeled
urban roads as 3D surfaces, using laser points acquired from a
mobile system. The existing 3D road axes were derived from aerial
imagery. The pavement edges were detected by analyzing the
elevation gradient and the existing road axes were associated to57
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Chapter 5detect pavement edge components. Mc Elhinney et al. [18] devel-
oped a two-stage algorithm for extracting the road edge using
both LiDAR and navigation data. The ﬁrst stage of this algorithm
created a set of road cross-sections and the second stage processed
these cross-sections in 2D lines. Boyko et al. [19] used the
combination of a road map and its corresponding point cloud to
automatically separate road surfaces from the remaining point
cloud. Pu et al. [20] presented a framework for the recognition of
road structures from point clouds. It allows, for example, the
recognition of poles with a success higher than 86%.
Although there are some important algorithms for road infor-
mation extraction, the method proposed in this work is the ﬁrst
attempt for fast and accurate extraction of efﬂorescence in road
overpasses using LiDAR data. The paper is structured as follows.
Section 2 presents the test site used for this study, the mobile
LiDAR system and its data processing. Section 3 concentrates
mainly on the implementation of algorithms to detect efﬂores-
cence and evaluates the applicability of the proposed method.
A brief conclusion is given in Section 4.Fig. 2. Intersection between the “New Bridge” and N-120 road.
Fig. 3. Efﬂorescences produced in the mortar of one of the masonry arches.2. Materials and methods
2.1. Area of study
Road N-120 runs between the cities of Logroño and Vigo in
northwestern Spain. The road has a length of 662 km and it has
become an important passageway for other cities such as Burgos,
León, Ponferrada or Ourense. During its passage throughout
Ourense (Fig. 1), the road runs parallel to the Miño River and
contains many overpasses that facilitate the passage of people and
goods between the two main parts of the city.
The city of Ourense experiences an extreme climate compared to
the Spanish standards. Summers are hot (up to 40 1C) and winters
are relatively cold with minimum temperatures that can reach
5 1C. Besides, the presence of the Miño River running through
the city causes in winter a foggy weather with a quite high
environmental moisture. These environmental conditions require
that the buildings and the structures in the city must have special
maintenance to avoid service problems and hazards.
In 1918 the “New Bridge” (Fig. 2) was inaugurated with the
purpose of joining the two parts of the city of Ourense to the
automotive trafﬁc. It is called the “New Bridge” because at thatFig. 1. Road N-120 passing through Ourense. The area of study was red highlighted. (For
to the web version of this article.)
58moment, the city only had an ancient Roman Bridge. The bridge
was designed by the civil engineer Martín Díaz de la Banda.
It connects the streets of Curros Enríquez and Marín Avenue and
passes over the Miño River and the N-120. It shows six masonry
arches and one steel central arch with a span of 75 m. Fig. 3 shows
one of the arches affected by efﬂorescence, produced by the highinterpretation of the references to color in this ﬁgure legend, the reader is referred
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problems in the structure.
2.2. Data acquisition
The mobile LiDAR system used for the survey was the Lynx
Mobile Mapper from Optech (Fig. 4). The main units of the Lynx
are the navigation system Applanix Pos LV 520, two LiDAR sensors
from Optech and four digital cameras from Jai [21]. All units are
assembled in a single platform to provide stability to the measure-
ments. The data acquisition is time stamped and the relative
geometric positions among the sensors are boresighted prior to
the survey. Furthermore, a protective cover of glass ﬁber prevents
damage from weather agents such as rain, hail or snow.
The navigation system presents an accuracy of 0.020 m in XY,
0.050 m in Z, 0.0051 in roll and pitch and 0.0151 in heading (with
GNSS availability). The performance after 60 s of GNSS outage
shows 0.100 m in XY accuracy, 0.070 m in Z, 0.0051 in roll and pitch
and 0.0151 in heading.
The LiDAR sensors present a maximum range of 200 m with a
target reﬂectivity of 20%. However, due to the angle between the
LiDAR sensors and the direction of the vehicle motion (typically
between 401 and 501), the range of measurements regarding the
navigation direction is reduced to approximately 140 m. The range
precision is 8 mm (1s) and the absolute accuracy is 75 cm (1s).
The data are digitalized in 12 bits, so 4096 different intensity levels
can be detected. The laser pulse repetition rate is programmableFig. 5. Point cloud with the data of N-120 road.
Fig. 4. Lynx Mobile Mapper from Optech mounted on a survey van.between 75 and 500 kHz. The maximum pulse repetition rate was
used for this work. The LiDAR sensors may measure up to 4 echoes
per pulse and then use this information for ﬁltering vegetation and
similar applications. The scanning frequency is programmable
between 80 and 200 Hz, using the higher one for this study. Each
sensor presents an IEC/CDRH class 1 eye safe laser. The operating
temperature ranges between 10 1C and +40 1C.
The cameras present a resolution of 5 Mpx with a lens of
F1.4/8 mm. The speed of the electronic shutter allows up to 3 frames
per second. The ﬁeld of view is 571 (horizontal) and 471 (vertical).
The square pixel size is 3.45 μm and the CCD presents a 2/3 in.
conﬁguration with the Bayer mosaic color progressive scan. The
operative temperature is located between 5 1C and +45 1C, similar
to that from the LiDAR units. Although the imaging was acquired
during the survey, this information was not used for data processing
and algorithmic development. The data survey has an approximate
length of 1100 m. The point cloud produced by each LiDAR sensor has
around 60 million points.2.3. Data processing
The post-processing of the Lynx Mobile Mapper data is done after
the survey. We use POSPac MMS 5.4 to process GNSS/INS data
gathered during the survey, to create a ﬁnal Smooth Best Estimated
Trajectory (SBET). To improve the accuracy of the mobile GNSS,
additional GNSS measurements are provided from a base station
located in Ourense city. The GNSS location data at the base station are
recorded and timed during the mission and applied soon afterwards
to the mobile GNSS data during post-processing.
Following that, DASH Map processes all Lynx data. The LiDAR
raw measurements are merged with the SBET to calculate a geo-
referenced point cloud, taking into account the geometric bore-
sight calibration of the system. Finally, we employ Quick Terrain
Modeler developed by Applied Imagery, to visualize the processed
Lynx data [22]. Fig. 5 shows a point cloud with the data.Fig. 6. Algorithm ﬂow chart. 59
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Chapter 53. Results and discussion
We have developed a three-stage algorithm for extracting the
efﬂorescence on certain areas of road overpasses. The ﬁrst block ofFig. 7. Input trajectory versus output traj
Fig. 8. Radial ﬁlter. Input data is represented in red and output data in blue. Graph is in
the reader is referred to the web version of this article.)
Fig. 9. Vegetation ﬁlter. Grap
60algorithms is focused on the optimization of the point cloud, the
second one on the automatic classiﬁcation of the overpasses, and
the third one on the detection of efﬂorescence. The ﬂow chart is
depicted in Fig. 6.ectory. Graph is in UTM coordinates.
UTM coordinates. (For interpretation of the references to color in this ﬁgure legend,
h is in UTM coordinates.
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3.1.1. Trajectory and point cloud normalization
The data capture frequency of the GNSS/INS system from the
Lynx Mobile Mapper can be conﬁgurable before the survey up to a
maximum of 200 samples per second. However, once the survey
begins, this parameter is ﬁxed and cannot be easily changed. Thus,
depending on the vehicle speed, the spatial resolution of the
trajectory can change. In many cases, the vehicle can acquire
points even if it is stopped due to trafﬁc (i.e. trafﬁc jam). This
information does not provide valuable data and slows down the
software processing operations. To avoid the excess data, a work-
ing speed of 80 km/h was predeﬁned and the trajectory was
normalized to that speed. The distance between the trajectory
points can be calculated according to the following equation:
d¼ v=3:6f ð1ÞFig. 10. LiDAR angle versus distance. The areas with structures and pavement are red and
ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 11. Structures (red) segmented from the pavement (blue) using the LiDAR angle ap
used. (For interpretation of the references to color in this ﬁgure legend, the reader is rewhere d is the distance in meters, v is the speed of the vehicle in
km/h, and f is the acquisition frequency of the GNSS/INS in Hz.
Taking into account the aforementioned speed, a minimum
distance between points of 0.11 m is obtained. Therefore, trajec-
tory points with neighbors closer than 0.11 m are removed. Fig. 7
exhibits the results of the trajectory normalization. Since the
trajectory is joined to the point cloud through the time stamp,
the corresponding point cloud was also reduced and adapted to
the new trajectory data. The spatial resolution after this ﬁltering
operation is still high enough, although the data volume has been
reduced for all the computations approximately by 55%.3.1.2. Radial ﬁlter
The relevant information for both road inspection and inven-
tory is typically located in the road vicinity and the complete range
of the LiDAR data is not required for inspection purposes, unless togreen highlighted, respectively. (For interpretation of the references to color in this
proach. Vertical clearance of the structures is green colored. UTM coordinates are
ferred to the web version of this article.)
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Chapter 5perform an inspection of some elements like slopes or embank-
ments. In this case study, it is required to conduct the inspection of
overpasses and the range was limited to 30 m. This ﬁltering
process is also very fast, because the LiDAR data table stores the
range directly and does not require any intermediate calculation.
The point cloud is reduced from 26,788,792 points to 22,324,712
points (16.7% reduction) (Fig. 8).Fig. 14. Example of the point cloud of one of the bridges automatically extracted
and classiﬁed from the dataset.3.1.3. Vegetation ﬁlter
The area under study (Fig. 2) presents a number of trees and
gardens alongside the road which provide multiple echoes for
each laser beam of the LiDAR. The vegetation ﬁlter removes all the
points that return multi-echo signal and also the neighbors inside
a 5 cm radius sphere (Fig. 9). Data were reduced in 1,902,265
points, up to 20,422,447 points (9.3%). The reduction is small,
though the ﬁlter seems to be very useful in areas where the
vegetal coverage is more representative.
3.2. Overpass structures segmentation and classiﬁcation
Once the vegetation ﬁlter was applied to the whole dataset, the
next step consists in the separation between the pavement and
overpasses. The pavement represents a high amount of data that
must not be included in the classiﬁcation process of the structures.Fig. 12. Histogram of the time stamp
Fig. 13. Classiﬁcation of the structures (from one to four) according the K
62Fig. 10 shows the angle of LiDAR sensor L2 (right part of the
vehicle) versus the distance run by the vehicle. The overpasses are
highlighted in red color and pavement in green. As can be
observed, when the van does not pass below an overpass, theof the clearance of the structures.
-means algorithm and time stamp data. UTM coordinates are used.
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Automatic segmentation of road overpasses and detection of mortar efflorescence using mobile LiDAR dataLiDAR does not provide information about the structures. In those
situations, the laser beam is lost in the atmosphere and conse-
quently, there is not any laser return. Fig. 10 is used to determine
what angles retrieve information from the overpasses and sepa-
rate them from the pavement information. The angle threshold is
situated between 1821 and 3601. It is assumed that the van is
driven smoothly. Fig. 11 shows the overpasses (in red) segmented
from the pavement (in blue) with this approach. The angles of the
LiDAR selected during the boresight calibration process cannot
take clean information from the structures. The result is that some
vegetation cannot be removed from the multi-echo information of
the LiDAR and some trafﬁc signs are also acquired as structures.
A second operation of segmentation is implemented to avoid this
problem. The segmented data correspond only to the central part
of the structure, typically the vertical clearance (Fig. 11—greenFig. 15. Intensity histogram
Fig. 16. Intensity proﬁle of the structure at 6.5 m height (red). Efﬂorescence in the point
legend, the reader is referred to the web version of this article.)dataset). Such segmentation is evaluated using a vertical angular
slice from the LiDAR sensors of 61.
On the other hand, classiﬁcation is a time consuming computa-
tional process for large datasets. In this case, the classiﬁcation time
is considerably reduced using the dataset that represents the time
stamp for the previously segmented data using the vertical LiDAR
slice of 61. Fig. 12 represents a histogram of the dataset. After that,
a K-means clustering algorithm is applied for classiﬁcation.
The unsupervised classiﬁcation is a highly computer-automated
procedure. This method automatically divides the range of values of
the image into clusters according to a statistical procedure, without
any predeﬁned knowledge. The idea of the K-means algorithm is to
provide a classiﬁcation of information according to their own data,
based on analyses and comparisons between their numerical values
[23]. Thus, the algorithm will provide an automatic sorting withoutof one of the structures.
cloud is blue highlighted. (For interpretation of the references to color in this ﬁgure
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Chapter 5pre-existing classiﬁcation. Because of this feature, the K-means is
regarded as an unsupervised data mining algorithm.
In the K-means algorithm, the user can specify various para-
meters, including the desired number of clusters and maximum
number of iterations allowed in the program. The main idea is to
deﬁne K centroids, one for each class. The next step is to take each
time stamp data belonging to a given data set and associate it with
the nearest centroid, and at this point, the centroid should be
recalculated. Then, we have K new centroids and a new connection
has to be made between the same set of data points and the new
near centroid. These steps deﬁne a new iteration. As this is an
iterative process, we can see that the K centroids change their
location step by step until no further change is possible. This
algorithm aims to minimize the following function:
I¼ ∑
k
j ¼ 1
∑
n
i ¼ 1
∥xjicj2∥ ð2Þ
where ∥xjicj2∥ is the measurement chosen of distance between a
point xji and in the center class cj, and this is an indicator of the
distances between n points and their respective centers of the
classes.
Taking into account this data, the maximum, minimum and
average of each class are easily obtained. Once the maximum and
minimum time stamp is deﬁned for each cluster, these values are
used in the original dataset of the point cloud, with the pavement
previously removed, to obtain the complete structure. It should be
noted that the information of the two LiDAR sensors must be used
simultaneously to obtain a good coverage of the overpass struc-
ture. Results are shown in Figs. 13 and 14. The classiﬁcation is 100%
successful, because the structures are enough isolated according to
the time stamp value.
3.3. Efﬂorescence detection
The LiDAR data represent a 12 bits intensity pattern, although
the main part of the data is located in their 255 ﬁrst values (similar
to 8 bits). Fig. 15 shows a histogram of the data. It is known from
the previous works that efﬂorescence and moisture provide lower
reﬂection than concrete and masonry stone [24]. Thus, the solu-
tion for the automatic detection of efﬂorescence is implemented
taking into account an intensity threshold. It is very important
to execute the previous extraction of the pavement data (Fig. 10—
green highlighted), because the intensity response of the pave-
ment is similar to the efﬂorescence and can provide false positives.
Fig. 16 shows a proﬁle of LiDAR data at a height of 6.5 m (red
proﬁle) in one of the overpasses with efﬂorescence. The graph
shows the distance run by the vehicle and the corresponding
intensity recorded by the LiDAR. Intensity is smoothed using a
moving average ﬁlter of ﬁve elements. The ﬁgure also includes an
image of the point cloud colored using intensity values. The data
depicts that efﬂorescence provides lower intensity values (blue
highlighted). Taking into account this data a threshold value was
selected (green line in the ﬁgure). Fig. 17 shows the efﬂorescence
points extracted from the point cloud using the intensity threshold
(red colored). The data are in agreement with the real situation of
the bridge and the interpretation done by the experts.Fig. 17. Efﬂorescence detection (red points of the point cloud). (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)4. Conclusion
A set of algorithms for the automatic classiﬁcation and detec-
tion of efﬂorescence using mobile LiDAR data is depicted. The
mobile LiDAR datasets are ﬁrst automatically normalized to avoid
the excessive data when the vehicle is stopped or traveling slow.
The point cloud is reduced by 55% from 60 million points per
LiDAR sensor. Then, a radial ﬁlter is applied to remove all points64with a range larger than 30 m, assuming that all the information of
interest is within this range. The point cloud is reduced from
approximately 26 million points to 22 million points. Most of the
vegetation data were removed using a ﬁlter based in the second
echo of the LiDAR data. The achieved reduction is about 1.9 million
points and the new dataset presents around 20 million points.
Two different approaches are studied for the segmentation of
the structures, using the information of the LiDAR angle. The ﬁrst
one uses the limiting angle of the pavement and assumes that the
points that are not inside this limit correspond to overpasses. This
algorithm segments properly the pavement, although does not
provide a clean point cloud with the overpasses. Many points from
non-ﬁltered vegetation and poles are taken as structures. The
second approach limits the angle to ﬁnd a structure to 61 in the
perpendicular of the vehicle. The ﬁne slice of data avoids com-
pletely trees or poles. The complete structure can be then
regenerated taking into account the minimum and maximum
time stamp of the data for each cluster (single overpass) and all
the point cloud data inside this range. The pavement is previously
removed from the point cloud. A K-means classiﬁer is used in
this step.
Finally, the detection of the efﬂorescence is performed using
the intensity data from the LiDAR. The efﬂorescence diminishes
the reﬂected radiation from the LiDAR and can be easily segmen-
ted from the surrounding point cloud.
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Chapter 6 
DEFORMATION MONITORING OF MOTORWAY UNDERPASSES 
USING LASER SCANNING DATA 
Resumen: 
La autovía Ourense-Celanova se convertirá en los próximos años en una de las principales 
vías en el interior de Galicia (región noroeste de España) conectando rápidamente con las 
ciudades del Norte de Portugal. Esta autovía está proyectada como una colaboración 
público-privada entre el gobierno regional de la Xunta de Galicia y las empresas de 
construcción Copasa S.A. y Extraco S.A. Durante este estudio, estaban en construcción 19 
km de esta autovía que presenta una serie de estructuras tales como viaductos, pasos 
superiores e inferiores. Los viaductos son parte de la vía principal, permitiendo el tránsito 
de vehículos a las velocidades permitidas. Los pasos superiores se utilizan principalmente 
en la unión de la autovía con redes secundarias. Además, los pasos inferiores son más 
adecuados para el paso de fauna salvaje, personas y maquinaria agrícola. 
Los pasos inferiores con forma de arco utilizados en este proyecto constan de dos dovelas 
de hormigón armado ubicadas en dos pequeñas paredes de hormigón. Para cada conjunto 
de dovelas, hay tres puntos de unión, dos entre las paredes y las dovelas y uno entre ambas 
dovelas en la parte superior de la estructura. Estos pasos inferiores sufren tensiones 
mecánicas significativas durante su construcción, porque durante el proceso de relleno se 
aplican cargas asimétricas a ambos lados. Por tanto, resulta de interés la monitorización de 
la estructura mediante técnicas geodésicas tales como estaciones totales, niveles o escáneres 
laser. 
El paso inferior seleccionado para este estudio se localiza en el P.K. 4,9 de la autovía, con 
un total de 50,38 m, una luz máxima de 13,30 m y elevación de 7,23 m. Las dovelas tienen 
un espesor de 0,35 m y una longitud de 2,52 m. Las pequeñas paredes laterales presentan 
una altura de 2,35 m y un espesor de 0,85 m. El paso inferior presenta una pendiente de 
aproximadamente el 4% y la altura máxima del relleno sobre la parte superior de la 
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estructura es de 3,80 m.  La base consta de una losa de hormigón con forma de arco 
(curvatura opuesta al arco principal) con un espesor de 0,7 m. 
La tecnología geodésica utilizada para la monitorización de la deformación es un sistema 
LiDAR móvil Optech Lynx. Este escáner laser está basado en la tecnología de tiempo de 
vuelo y presenta una exactitud de 6 mm en la determinación de sus coordenadas 
geométricas. Esta exactitud puede mejorarse utilizando técnicas de ajuste en posproceso lo 
que permite que esta tecnología sea muy útil para estudios relativos a la monitorización de 
deformaciones. El escáner laser, en comparación con otras técnicas geodésicas como las 
estaciones totales, permite el control de toda la estructura, incluyendo las deformaciones 
inesperadas. Las dianas reflectantes están posicionadas de manera permanente sobre las 
pequeñas paredes de la estructura para permitir la orientación 3D de los diferentes 
escaneos. 
Se realizan dos escaneos principales para este estudio, antes y después del proceso de 
relleno. El relleno dura alrededor de 10 días según las empresas de construcción. Los 
escaneos necesitan un tiempo aproximado de 12 minutos. Los trabajos constructivos no 
necesitan interrumpirse durante los escaneos. Las nubes de puntos son posteriormente 
postprocesadas utilizando el software QT Modeler. En primer lugar, la nube de puntos se 
limpia para utilizar sólo los datos directamente relacionados con la estructura bajo estudio. 
Luego, utilizando las coordenadas de las dianas, ambas nubes de puntos se llevan al mismo 
sistema de coordenadas. Finalmente, se estudia la deformación del paso inferior mediante 
dos algoritmos específicamente diseñados en el software Matlab. 
El primer algoritmo ajusta una superficie geométrica a la nube de puntos del primer 
escaneo y evalúa los residuos de ambos escaneos para la superficie de ajuste. Las diferencias 
en los residuos proporcionan el mapa de deformaciones de la estructura. Un segundo 
algoritmo selecciona una porción de la nube de puntos correspondiente a la parte superior 
de la estructura, en donde se ubica la junta de contacto entre las dovelas. La junta entre dos 
dovelas muestra un escalón que en el caso ideal debe tender a cero. Las deformaciones 
ocasionadas por la carga de la estructura se miden como la comparación entre los escalones 
antes y después del proceso de relleno. El análisis de los resultados muestra que existen 
algunas deformaciones en la junta de contacto de las dovelas entre 1 mm y 5 mm. Estas 
deformaciones están dentro de las tolerancias pronosticadas para la estructura  y confirman 
el éxito en los procesos constructivos desarrollados. El escáner laser y los algoritmos de 
postprocesado desarrollados resultan una metodología sencilla para realizar la 
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monitorización de deformaciones de pasos inferiores y garantizan la capacidad de carga de 
la estructura. 
Palabras clave: escaneado laser, ingeniería civil, exactitud, monitorización de
deformaciones, nube de puntos. 
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ABSTRACT: 
The motorway Ourense - Celanova will become the next years in one of the main roads of inland Galicia (northwest region of Spain) 
that will connect quickly with the cities of Northern Portugal. This highway is projected as a public – private partnership between 
the regional government of Xunta de Galicia and the construction companies Copasa SA and Extraco SA. There are currently under 
construction the 19 km of this road and presents a number of structures as viaducts, overpasses and underpasses. The viaducts are 
part of the main road, allowing passage of the vehicles at conventional speed. Overpasses are mainly used in the connection of the 
highway with secondary roads. Moreover, the underpasses are better suited for the passage of wildlife animals, persons or 
agricultural machinery. 
The underpass arch-shape structures used for this project consist of two reinforced concrete voussoirs placed on two small concrete 
walls. For each set of voussoirs there are three joining points, two between the walls and the voussoirs and one between the both 
voussoirs at the top of the structure. These underpasses suffer significant mechanical stress during construction, because during the 
backfilling process asymmetric loads are applied to both sides. Thus, it is very important the monitoring of the structure using 
geodetic techniques as total stations, levels or laser scanners 
The underpass selected for this study is located at the kilometric point 4.9 of the highway, with a total length of 50.38 m, maximum 
span of 13.30 m and rise of 7.23 m. Voussoirs has a thickness of 0.35 m and a length of 2.52 m. The small lateral walls exhibit a 
height of 2.35 m and thickness of 0.85 m. The underpass presents a slope of approximately 4 % and the maximum height of the 
backfill over the top of the structure is 3.80 m. The foundation consists of a concrete slab arch-shape (curvature opposite the main 
arch) with a thickness of 0.7 m. 
The geodetic technology used for the deformation monitoring is a Optech Lynx mobile LiDAR. This laser scanner is based on time 
of flight technology and presents an accuracy of 6 mm in the determination of the geometrical coordinates. This accuracy can be 
improved to around 1 mm using fitting post-processing techniques and makes this technology very useful for studies related with 
deformation monitoring. The laser scanner, in comparison with other geodetic techniques as total stations, allows the control of all 
the structure, including unexpected deformations. Reflective targets are permanently positioned over the small walls of the structure 
to allow the 3D orientation of the different scans. 
Two main scans are made for this study, before and after the backfilling process. Backfilling takes about 10 days for the construction 
companies. The scans need a time of approximately 12 minutes. Construction works do not need to be interrupted during the scans. 
Point clouds are then post-processed using QT Modeler Software. First, the point cloud is cleaned to use only the data directly 
related with the structure under study. Then, using the target coordinates, both point clouds are moved to the same coordinate 
system. Finally, the deformation of the underpass is studied using two algorithms specifically developed using Matlab software. 
First algorithm fits a geometrical surface to the point cloud of the first scan and evaluates the residuals of both scans for this fitting 
surface. Differences in the residuals give the deformation map of the structure. Second algorithm takes a portion of the point cloud 
from the top of the structure, where it is located the joining point between the voussoirs. The joining between two voussoirs shows a 
height step that in an ideal case must tend to zero. Deformations produced by the loading of the structure are measured as a 
comparison between the steps before and after the backfilling process. The analysis of the results show as some deformation occurs 
in the structure in the joining point of the voussoirs ranging between 1 mm and 5 mm. These deformations are under the tolerances 
predicted by the structure and confirm the success in the construction works developed. The laser scanning and the post-processing 
algorithms here developed appear as an easy methodology to make deformation monitoring of underpass structures and guarantee 
the load capacity of the structure. 
* Corresponding author.
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1. INTRODUCTION
Spain has, since the mid-eigthties and with the assistance of 
European funds, undertaken a significant drive to overcome its 
deficiencies in transport infrastructures. From the end of the 
eighties and until the mid-nineties it was, with Germany, in first 
place in the European Union in the percentage of GDP allocated 
to investment in transport infrastructures.  
From the threshold of 0.5 – 0.6 % of GDP in the mid-eighties it 
has reached values of around 1.7 – 1.8 % of GDP in recent 
years, with deviations strongly linked to the economic cycle. As 
a result, investment in transport infrastructures in Spain is today 
twice the European Union average. 
The existing structural road system on the Spanish mainland 
comprises the 24.797 km (2005 statistics) of the State 
Motorway Network, of which 8.700 km (35 %) are dual 
carriageways (6.698 km) and toll motorways (1.951 km). It 
must also be remembered that this structuring mainland network 
also includes about another 2.500 km of the Autonomous 
Communities’ system of dual carriageways and motorways. 
Galician roads Network includes 5.066 km (2010 statistics), 
including high capacity and conventional roads.  
The motorway Ourense - Celanova will become the next years 
in one of the main roads of inland Galicia that will connect 
quickly the city of Ourense with the cities of Northern Portugal 
(Braga, Guimaraes and Oporto). This highway is projected as a 
public – private partnership between the regional government of 
Galicia and the construction companies Copasa SA and Extraco 
SA. There are currently under construction the 19 km of this 
road and presents a number of structures as viaducts, overpasses 
and underpasses. The viaducts are part of the main road, 
allowing passage of the vehicles at conventional speed. 
Overpasses are mainly used in the connection of the highway 
with secondary roads. Moreover, the underpasses are better 
suited for the passage of wildlife animals, persons or 
agricultural machinery. 
Road underpasses are typically monitored using geodetic 
measuring methods. Geodetic measuring methods use total 
stations, levels and static LiDAR (González-Jorge, 2011). 
Although these techniques appear accurate and reliable, their 
productivity is low and the labour costs associated are very 
important. In the recent years, mobile LiDAR applications have 
irrupted in the market (Graham, 2010; Petri, 2010). These 
systems combine DGPS positioning and LiDAR measuring. In 
addition, in the areas with poor satellite coverage, GPS is aided 
with inertial navigation systems and distance measuring 
indicators. The combination of DGPS, INS and DMI data is 
done in post-processing using Kalman filtering algorithms 
(Leung 2011). Mobile LiDAR systems combine DGPS and 
LiDAR technology with RGB cameras to provide images of the 
scenes. 
The productivity of mobile LiDAR systems is very high and 
they allow to measure between 100 – 200 km per journey with a 
team of two surveyors (one driver and one LiDAR technician). 
Typically one day more is necessary to post-processing all the 
information and to obtain a geo-referenced point cloud and 
images. 
Mobile LiDAR systems are commonly installed in cars or vans, 
although they can also be arranged in boats or trains. The 
information generated is completely compatible with that 
obtained from airborne LiDAR or conventional surveying. 
One of the main application fields of mobile LiDAR is in road 
inspections. They provide a complete geo-referenced point 
cloud of the road that can be used to analyze geometrical 
parameters (i.e. vertical and horizontal clearance, slope 
geometry, tunnel profiles, road sections). This work shows a 
semi-automatic procedure to determinate the geometric 
deformations between the voussoirs of a selected underpass that 
occur after the backfilling process. 
2. MATERIAL AND METHODS
2.1 Area of study 
The underpass selected for this study is located at the kilometric 
point 4.9 of the highway, with a total length of 50.38 m, 
maximum span of 13.30 m and rise of 7.23 m (Figure 1). 
Voussoirs has a thickness of 0.35 m and a length of 2.52 m. The 
small lateral walls exhibit a height of 2.35 m and thickness of 
0.85 m. The underpass presents a slope of approximately 4 % 
and the maximum height of the backfill over the top of the 
structure is 3.80 m. The foundation consists of a concrete slab 
arch-shape (curvature opposite the main arch) with a thickness 
of 0.7 m. 
Figure 1.  Underpass of Ourense – Celanova motorway (before 
backfilling process) 
2.2 Mobile LiDAR and data acquisition 
Mobile LiDAR used in this study (Figure 2) is the Optech Lynx 
system. The system integrates a navigation GPS/INS system 
from Applanix (POS 520 -  2 GPS antenna), 2 LiDAR scanners 
from Optech and 4 digital cameras from Jai (BB 500GE). The 
metric characteristics of the Lynx system are shown below: 
- Maximun range: 200 m 
- Range precision: 8 mm (1 σ) 
- Absolute accuracy: 5 cm (1 σ) 
- Scan frecuency: 80 – 200 Hz 
- Scanner field of view: 360º 
- Laser measurement rate: 75 – 500 kHz 
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Figure 2. Mobile LiDAR Optech Lynx. 
Mobile LiDAR survey began and finished with the acquisition 
of 5 min of GPS data in an area with small PDOP (high GPS 
precision). The complete time of the survey was 12 min. 
Scanner and photographic data are only taken while the van is 
moving to avoid the excess of data. The synchronization of the 
data from the different sensors of the mobile unit is achieved 
using the time stamp and the PPS of the GPS/INS system. A 
total of 124 million of geometric points were acquired during 
the survey. The survey was repeated one week after the 
backfilling process was completed. 
The data processing is performed using Applanix POSPac and 
Dashmap software. The first one corrects the GPS information 
using a RINEX file from a base station. In addition, combines, 
using a Kalman filter, the data from the GPS with those 
obtained from the inertial navigation system (INS) and distance 
measurement indicator (DMI). The corrected trajectory file 
exhibits a precision higher than 2 cm in X Y and higher than 4 
cm in Z. 
Dashmap combines the range and angle information obtained 
from the Optech scanners with the trajectory information from 
PosPAC. The point cloud obtained will be managed using the 
QT Modeler software in addition to Matlab and AutoCAD 
software. 
3. RESULTS AND DISCUSSION
Figure 3 shows geo-referenced point cloud images (front and 
top views). Data were texturized using height colours. The 
scanner show high resolution and precision which makes the 
technique available to detect deformations in civil engineering 
structures. This system is nowadays the most powerful in the 
market for survey applications.  
Figure 4 depicts the underpass structure after the filtering of the 
backfill. This process was done using QT Modeler software. 
Data were textured using intensity. 
Figure 3. Geo-referenced point clouds of the underpass and the 
backfill (front and top view). 
Figure 4. Geo-referenced point cloud of the underpass after 
filtering the backfill. 
Once the underpass is cropped the data were imported in 
Matlab to apply the different algorithms developed in this work 
for the evaluation of geometrical deformations (Figure 5). 
Matlab algorithms automatically extract profiles from the point 
cloud to evaluate different movements between the voussoirs of 
the underpass structure at the joining points (Figure 6). 
Figure 5. Point cloud loaded in Matlab software. 
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Figure 6. Scheme of transversal (blue) and longitudinal (red) 
profiles extracted from the point cloud to evaluate the 
geometric deformations.  
Figure 7 exhibits the results of a transversal profile. The joining 
points between the voussoirs are red highlighted. The maximum 
deformation founded is 5 mm. Figure 8 exhibits the analogous 
longitudinal profile. In this case, deformations are undetectable. 
Figure 7. Example of transversal profile. 
Figure 8. Example of longitudinal profile. The joining point of 
the two voussoirs is red highlighted. 
4. CONCLUSIONS
Mobile LiDAR seems to be a technology highly productive and 
accurate to make geometric inspections on civil engineering 
structures. The longest part of the process is related to data 
processing that would seem of great interest to investigate the 
development of algorithms for automated processing of the 
information. 
The case of study based on the auscultation of an underpass 
structure show that small movements occur between the 
voussoirs (maximum of 5 mm), although in all cases are under 
the tolerances recommended by the designers of the structure.  
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Chapter 6
Chapter 7 
AUTOMATIC DETECTION OF ROAD TUNNEL LUMINAIRES 
USING A MOBILE LIDAR SYSTEM 
Resumen: 
En los últimos años, la importancia de preservar las infraestructuras de transporte 
existentes ha recibido una atención especial. En particular, las estructuras subterráneas 
requieren inspecciones rutinarias y procesos de mantenimiento para su uso óptimo. En la 
actualidad existen nuevas posibilidades con los sistemas LiDAR móvil terrestres, que 
pueden escanear y almacenar rápidamente cantidades enormes de datos que necesitan 
técnicas de posprocesado para facilitar su uso eficiente.  
Este artículo describe un método automático para la detección de las luminarias de túnel al 
mismo tiempo que obtiene fácilmente su localización espacial 3D, utilizando nubes de 
puntos 3D coloreadas. El comportamiento de la detección se verificó con experimentos 
llevados a cabo en datos reales adquiridos con el sistema Lynx Mobile Mapper en un túnel 
de autovía en el sur de Galicia, España. El método proporciona resultados prometedores 
tras el procesado de los datos para automatizar la detección de luminarias y mejorar la 
productividad en las inspecciones de túneles. 
Palabras clave: escaneado láser móvil, túnel carretero, luminarias, segmentación,
inspección de túneles. 
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a b s t r a c t
Over the past years, the importance of preserving existing transportation infrastructures
has received increased focus. In particular, underground structures require routine inspec-
tions and maintenance processes for their optimal use. New possibilities exist now with
the mobile terrestrial LiDAR systems, which can quickly scan and record huge data sets
that need post-processing techniques to facilitate their efﬁcient use.
This paper describes an automatic method for the detection of tunnel luminaires as well
as to easily obtain their 3D spatial location, using colored 3D point clouds. Detection
performance was veriﬁed by experiments carried on real data acquired with the Lynx
Mobile Mapper system in a highway tunnel in southern Galicia, Spain. The method gives
promising results after data processing to automatize the detection of luminaires and
improve the productivity of tunnel inspections.
 2013 Elsevier Ltd. All rights reserved.
1. Introduction
With the development of transportation systems, which
provide us with a varied range of essential services, it is
necessary to develop life-cycle management systems of
infrastructure to monitor them effectively [1–3]. Speciﬁ-
cally, road tunnels have become critical components of
modern transportation infrastructures. They improve the
transportation capability and bring great convenience for
highway trafﬁc. A good visual environment should be
provided in tunnels to ensure comfort and driving safety
for vehicle drivers [4]. In fact, road tunnel lighting plays
an important role in tunnel trafﬁc safety. Moreover, light-
ning and ventilation systems are major energy consumers
in tunnels. As a consequence, it is important to seek high
efﬁciency, energy-saving and high quality lighting sources
to establish efﬁcient, economic and reliable lighting
systems. Locating the emergency lights and the lightning
system inside the tunnel constitutes the ﬁrst step for qual-
ity control monitoring of tunnel luminaires and to plan
actions related to energy efﬁciency or security [5].
In this sense, mobile Light Detection and Ranging
(LiDAR) technology has been recognized as an efﬁcient
and economic method for collecting various types of road-
way asset data [6–9]. This technology allows for low risk
and rapid collection of geospatial information. Its beneﬁts
over aerial LiDAR systems are obvious, because the latter
cannot be applied in tunnel environments. In comparison
to a static LiDAR system, it provides cost and schedule ben-
eﬁts, without impact to trafﬁc or traditional survey safety
concerns.
Mobile LiDAR systems present limitations as to the
range of the sensor and occlusions or shadowing affecting
potential information content, but these problems never
occur in tunnel environments: the maximum distance to
the object is relatively small and normally, a dual sensor
conﬁguration optimizes the line-of sight least accessible
to its companion.
The mobile data sets meet the accuracy and information
content required for geospatial information for mapping
applications as well as additional information that can be
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mined for potential asset inventory and infrastructure
information content [10–14].
Therefore, the work presented here is focused on the
detection of luminaires in 3D tunnel point clouds. The
paper has been organized into ﬁve main sections. The sec-
ond section reﬂects the equipment and method employed
for data acquisition and post processing. In section three, a
formal description of the algorithm is presented. In section
four, an implementation is demonstrated and results are
presented and discussed. Finally, some conclusions are
provided.
2. Materials and methods
2.1. Equipment
The system used for this work was an Optech Lynx
Mobile Mapper [15] (Fig. 1a), consisting of Dual 500 kHz
LiDAR scanners (Fig. 1b), 2 GPS antennas (Fig. 1c) and an
Inertial Measurement Unit (IMU). The system was conﬁg-
ured to collect at the full 500 kHz per laser head effectively
collecting 1,000,000 points/s. The maximum range of the
scanner is 200 m (20% reﬂectivity), the range precision
8 mm (1r) and the absolute accuracy 5 cm (1r). The
system can record four echoes for each laser pulse.
Optech provides four 5 Mpx digital cameras (Table 1)
that complete the LiDAR and navigation sensors. Each
camera (Fig. 1b) is boresighted to the LiDAR sensors and
produces georeferenced images. The Lynx control rack is
located inside the vehicle and controls the LiDAR, imaging
and GPS/INS dataﬂow. More information regarding this
system can be found in Puente et al. [16,17].
2.2. Test site and data collection
The tunnel selected in this study is the largest engineer-
ing project and one of the cornerstones of the current high-
way A-52, that connects the principal cities in southern
Galicia, Spain. The O Folgoso tunnel’s course runs in the
municipality of A Cañiza, with a total length of 2500 m.
(Fig. 2). The tunnel is monitored by a control center that
checks the ventilation, light, signaling, communications
and ﬁre detection systems among others.
The route (Fig. 2) was driven at a theoretical constant
speed of 66 km/h and at a speciﬁc time in the day with
low trafﬁc density and no obstructions in order to ensure
maximum coverage and minimizing shadow areas. The
data was observed using the laptop controller, allowing
for real time monitoring of the GPS solution and the data
collection from the sensors.
2.3. Data post processing
The GPS and IMU data was post processed using Appla-
nix’s POSPAC MMS 5.4 which processes the GPS and IMU
data into a trajectory. There was no GPS collection inside
the tunnel and consequently, the system navigates using
the inertial navigation system (INS) and the odometer
(DMI). In spite of the quality of the inertial navigation, er-
rors for absolute positioning increase up to 0.47 m (see
Fig. 3; GPS times from 389694 to 389830 s). Although this
accuracy seems enough for a light inventory, results could
be improved if necessary, using geo-referenced control
points every 25 m in the data processing phase as long as
the data has good initialization, good ﬁnalization and good
inertial and DMI measurements during tunnel data acqui-
sition [18].
The result of POSPAC was used to compute the position-
ing of the point cloud processed using Optech’s DASHMAP
for converting the ‘‘raw’’ laser data to .las or .xyz ﬁles. Also
note that LiDAR intensity is recorded and this data will be
Fig. 1. The Lynx Mobile Mapper: (a) actual system used to collect the luminaires, (b) Lynx LiDAR sensor and camera and (c) Applanix GPS antenna deployed
on the vehicle.
Table 1
Lynx camera speciﬁcations.
Parameter 5-Megapixel camera BB-500 GE
Lens, standard F1.4/8 mm lens
Frame rate Up to 3 frames/s
Image resolution Up to 2456 (h)  2058 (v), scalable
Field of view Horizontal 57, vertical 47
CCD dimension 2/300 Bayer mosaic color progressive scan
Pixel size 3.45 lm square pixels
Operating temperature 5 C to +45 C
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used to color those areas of the point cloud without RGB
information. Thanks to the camera boresighting, that en-
sures that the cameras are correctly calibrated to the
IMU and to the LiDAR sensors, it is possible to obtain the
texture mapping of each laser point.
3. Description of the algorithm
It is well known that most of the features present in
infrastructures, such as lanes, barriers, trafﬁc poles or
emergency exits are important for road inventory
purposes. Each feature is described with a number of dis-
tinguishing attributes and its relation with other features.
To detect the lightning system in the tunnel effectively,
some attribute constraints should be considered ﬁrst to
avoid false positives.
Those attributes include the position and the color [12]
for the algorithm explained below. The luminaires are
expected to be at higher locations at the side of the tunnel.
By incorporating this information, the luminaires can be
distinguished from for example, vehicle lights or vehicle
shadows. Moreover, the color pattern of objects can be
used to identify a large number of features. Inside the tun-
nel, the luminaires have ﬁxed color patterns, brighter than
its surroundings, which can be used to identify them. How-
ever, we should be aware that this algorithm will fail if the
luminary is switched off.
For that reason, and in order to guarantee the success of
this procedure, the experts must assure that all the lumi-
naires are working during the ﬁrst data acquisition. Under
this premise, and knowing the ﬁxed distances between the
luminaires, we could detect in the following inspections if
a luminaire is still working, or on the contrary, if it is
turned off or damaged. Being able to detect if a luminaire
is damaged or not working will deﬁnitely improve the pro-
ductivity of tunnel inspections.
The algorithm is given as follows (see Fig. 4). The input
is a colored point cloud acquired by laser scanning inside a
tunnel. The geometric and radiometric characteristics of
the aforementioned point cloud are used to ﬁlter out the
luminaires from the total amount of scanned data. The ﬁrst
step (stage 1) simply consists of the point cloud pre-seg-
mentation based on height values. The original axis can
be extracted from the vehicle trajectory (obtained by the
inertial navigation system located at the top of the vehi-
cle). Then, all the points from the point cloud that are at
least 2 m above the ground level are considered for the
next stage (stage 2). This user-deﬁned value is speciﬁcally
determined for each case study, by measuring the height of
Fig. 2. O Folgoso tunnel: (a) inside the tunnel looking towards Vigo (source: Anonymous) and (b) top view of the 3D tunnel model acquired with the Lynx.
Fig. 3. Smoothed performance metrics and number of GPS satellites during the data collection.
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the ﬁrst luminary manually. Subsequently, points are
uniformly sampled and those which verify the conditions
set by the chosen color threshold are considered as tunnel
luminaires. Thresholds for classiﬁcation are extracted from
the color histogram analysis taken of 8-bit color images,
where zero intensity for each component (R, G, and B)
gives the darkest color (no light, considered as black) while
an RGB value of 255, 255, 255 means pure white.
The third stage of the algorithm enhances the raw solu-
tion obtained after stage 2. The rapid movement of the
vehicle and a slow shutter speed (or long exposure time)
result in motion-blurred images. Accordingly, the lumi-
naire dimensions are distorted and a post-reﬁnement of
their lengths is necessary. The correction uses known val-
ues of vehicle speed (v) and camera shutter speed (t)
(which sets the camera exposure to the light) to automat-
ically compute the elongation (e) (or motion blur length
error) of the luminary and recalculate its original size.
Although the vehicle travels at constant speed, authors as-
sume that the car’s acceleration is changing slightly at cer-
tain moments. Therefore, each luminaire will have a
speciﬁc elongation based on its instantaneous vehicle
speed, which can be computed thanks to the Applanix
POS LV system. On the other hand, the camera shutter
speed was manually controlled during the data acquisition
and its value is kept constant (1/15 s) for these tests. The
formula used is shown below:
e ¼ m  t ¼ m m
s
 
 1
15
ðsÞ ¼ m
15
m
A ﬁnal stage 4 is included in the algorithm. Detailed
tunnel luminaire inventories can be created and saved
using a GIS database. Within this technology, the lumi-
naires are normally deﬁned by a single point that will be
the average (centroid option) of the input multipoints.
We easily calculate the centroid for each luminaire as the
mean position of all the points belonging to the previously
segmented and reﬁned luminaire. Thanks to it, several
metadata which captures relevant information for lumi-
naires can be linked in an efﬁcient way to their absolute
coordinates.
The algorithm is programmed in Matlab, making use of
some of its capabilities for numerical computing and
analysis.
4. Results and discussion
Handling LiDAR point clouds is a challenging task due to
the huge amount of data to process. It is better to ﬁrst
divide the whole data corresponding to the tunnel into
several strips, and then to extract the information of inter-
est locally. One of these strips was selected for the method
evaluation. The tested data strip is about 0.5 km long, from
KP. 280 + 900 to KP. 280 + 400 on highway A-52, contain-
ing 10,023,895 laser points in total.
The computer used for the test was an Asus A55V Series
with the following technical speciﬁcations:
 Control processing unit is an Intel– Core™ i7–
3610 QM CPU @ 2.3 GHz.
 Installed memory (RAM): 8 GB.
 Operative System: Windows 7. Service Pack 1.
 Operative System type: 64 bits.
Processing of a single part from the O Folgoso tunnel
data is illustrated in Fig. 5. The laser points (see Fig. 5a)
were colored at ﬁrst. Note that there is no RGB information
about the ground level and tunnel ceiling due to the cam-
era speciﬁcations (see Table 1) and camera system conﬁg-
uration on the vehicle, therefore points representing
ground and ceiling are colored by LiDAR intensity instead.
Fig. 5b reﬂects an example of one image taken from camera
1 (left, front side) of the Lynx system.
Then the points are classiﬁed into luminaires if the RGB
color value is above the threshold deﬁned by the user. Pre-
viously, only points with a certain height above the ground
level (at least 2 m) were considered (Fig. 6) as described in
Section 3.
The color of the tunnel is visually divided into two
groups: the luminaires, with white color and the surround-
ing environment, with black/dark color. The distribution of
the colors recorded with the camera system deployed on
the MLS is shown in Fig. 7.
The black and white color distribution results in two
peaks in the histogram due to its different properties. This
case can be considered as a mixture of two different uni-
modal distributions, each one representing a different
skewed distribution: positively (left side) and negatively
Fig. 4. Algorithm workﬂow applied to the tunnel data.
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(right side). The two peaks (or modes) of the bimodal
histogram are approximately at 7.7 and 255. Considering
that the difference between the two modes is big enough,
the threshold for luminary detection can be easily set on a
certain value within the range 150–220, and the result will
not vary signiﬁcantly.
Figs. 8 and 9 illustrate the lightning system (red high-
lighted) recognition of a tunnel part from the data set. In
Fig. 8, the results of our extraction method are checked
by backprojecting the detected luminaires into the original
point clouds.
Stages 3 and 4 are ﬁnally executed for reﬁning the exist-
ing segmentation of the luminaires and calculating their
centroids afterwards. Note that the real shape of the lu-
minary is squared although it seems to be rectangular in
the photos taken (see Fig. 5b). As a consequence, this pat-
tern is repeated in the colored point cloud that we used as
an input. This problem is corrected based on the known
values of vehicle speed and camera shutter speed
(t = 1/15 s). The algorithm automatically substracts the
motion blur length error (e) to compute the real size of
the luminary (Fig. 10). Speciﬁc calculations are shown be-
low for one luminaire taken as an example:
Vehicle speed ðvÞ ¼ 18:325 m=s
Shutter speed ðtÞ : 1=15 s

e ¼ m  t
¼ 18:325 m
s
 
 1
15
ðsÞ ¼ 1:222 m
ð1Þ
Checking these results here obtained with the measure-
ments done in commercial software, we proved that the
real size of the luminaires (0.380 m  0.380 m) is well
derived. Authors have tested the 61 remaining luminaires,
obtaining a mean value of 0.378 m (r = 0.002 m)
 0.387 m (r = 0.009 m).
Alternatively, there could be another way to avoid the
elongation in the luminaires based on the shutter speed
settings. If a faster shutter speed is selected (1/250 s or
1/500 s), a shorter time will pass from the moment the
Fig. 5. O Folgoso tunnel: (a) 3D colored tunnel point cloud with luminaires highlighted by a red rectangle and (b) two tunnel luminaires recorded with the
camera system from the Lynx. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 6. Stage 1. Automatic height ﬁltering tool: (a) before and (b) after being applied to the tunnel point cloud.
Fig. 7. Stage 2. Histogram of the RGB color information contained in the
tested data.
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shutter opens until the moment it closes. As a conse-
quence, the elongation will be insigniﬁcant. In fact, for a
shutter speed of 1/500 s and a driving speed of 66 km/h,
the elongation will only be 3, 7 cm.
The processing time employed for the algorithm in
Matlab was 95 s, recognizing a total of 62 luminaires out
of 64. Both undetected luminaires were turned off.
5. Conclusions
Mobile Laser Scanning technology collects immense
amounts of accurate information in the ﬁeld, reducing ﬁeld
survey time and minimizing the potential safety risks to
ground crews traditionally collecting this type of data. In
this paper we presented an algorithm for the automatic
detection of tunnel luminaires using point clouds obtained
by MLS.
Preliminary results from the segmentation have been
good. More importantly, this straightforward algorithm is
extensible as long as the luminaires are turned on and
some geometric constraints are assumed. For example,
the algorithm workﬂow presented here could be applied
successfully to recognize street lamps in urban areas only
when the surveying is performed during the night. Other-
wise, the stage 2 would fail as the differences in appear-
ance in color remain ambiguous. Also, by assuring that
all the luminaires are turned on during the ﬁrst data acqui-
sition, it will be possible later to detect and locate where a
luminaire is turned off or just not working properly.
This simple and practical method requires users to
adjust only two thresholds (height threshold and color
intensity threshold). It detected the lightning system with
virtually 100% accuracy in a total time of 95 s, exhibiting a
good processing time for large data sets. Moreover, future
work will further strengthen the algorithm as some adjust-
ments need to be compensated by changes in the shutter
Fig. 8. Segmented tunnel luminaires after stages 1 and 2.
Fig. 9. One randomly selected tunnel luminaire in detail, with measure-
ments performed in commercial software.
Fig. 10. Reﬁned segmentation and centroid calculation of tunnel lumi-
naires after stages 3 and 4.
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speed during the image acquisition to avoid the elongation
in the luminaires.
Acknowledgements
Authors want to give thanks to the Spanish Ministry of
Economy and Competitiveness, the Spanish Centre for
Technological and Industrial Development and Xunta de
Galicia for the ﬁnancial support given; Human Resources
programs (BES-2010-034106 and IPP055 – EXP44) and
projects (Grants Nos. BIA2009-08012 and IDI-20101770).
References
[1] M.R. Halfawy, Municipal information models and federated software
architecture for implementing integrated infrastructure
management environments, Autom. Constr. 19 (4) (2010) 433–446.
<http://dx.doi.org/10.1016/j.autcon.2009.11.013>.
[2] D.S. Michele, L. Daniela, Decision-support tools for municipal
infrastructure maintenance management, Procedia Comput. Sci. 3
(2011) 36–41.
[3] R. Peachavanish, H.A. Karimi, B. Akinci, F. Boukamp, An ontological
engineering approach for integrating CAD and GIS in support of
infrastructure management, Adv. Eng. Inform. 20 (1) (2006) 71–88.
[4] A.O. Abdul Salam, Safety in automated transportation tunnels. In:
Mediterranean Conference on Control and Automation, MED., July
27–29, Athens, Greece, 2007.
[5] Z. Wang, M. Kagesawa, S. Ono, A. Banno, K. Ikeuchi, Emergency Light
Detection in Tunnel Environment: An Efﬁcient Method. In: IEEE,
Pattern Recognition (ACPR), 2011 First Asian Conference on, 2011.
pp. 628–632.
[6] D. Barber, J. Mills, S. Smith-Voysey, Geometric validation of a
ground-based mobile laser scanning system, ISPRS J. Photogramm.
Rem. Sens. 63 (1) (2008) 128–141.
[7] N. Haala, M. Peter, J. Kremer, G. Hunter, Mobile LiDAR mapping for
3D point cloud collection in urban areas-a performance test, T, Int.
Arch. Photogramm. Rem. Sens. Spatial Inf. Sci. 37 (2008) 1119–1127.
[8] G. Petrie, Mobile mapping systems: an introduction to the
technology, GEOinformatics Mag. 13 (2010) 32–43.
[9] I. Puente, M. Solla, H. González-Jorge, P. Arias, Validation of mobile
LiDAR surveying for measuring pavement layer thicknesses and
volumes, NDT& Int. 60 (2013) 70–76.
[10] J.A. Gonçalves, R. Mendes, E. Araújo, A. Oliveira, J. Boavida. Planar
projection of mobile laser scanning data in tunnels. Int. Arch.
Photogramm. Rem. Sens. Spatial, Inf. Sci., XXXIX-B3, 2012. pp. 109–
113, doi: 10.5194/isprsarchives-XXXIX-B3-109-2012.
[11] M. Lehtomäki, A. Jaakkola, J. Hyyppa, A. Kukko, H. Kaartinen,
Detection of vertical pole-like objects in a road environment using
vehicle-based laser scanning data, Rem. Sens. 2 (3) (2010) 641–664.
[12] S. Pu, M. Rutzinger, G. Vosselman, S. Oude Elbenik, Recognizing basic
structures from mobile laser scanning data for road inventory
studies, ISPRS J. Photogramm. Rem. Sens. 66 (2011) S28–S39.
[13] B. Yang, Z. Wei, Q. Li, J. Li, Automated extraction of street-scene
objects from mobile LiDAR point cloud, Int. J. Rem. Sens. 33 (18)
(2012) 5839–5861.
[14] J. Yoon, M. Sagong, J.S. Lee, K. Lee, Feature extraction of a concrete
tunnel liner from 3D laser scanning data, NDT & E Int. 42 (2) (2009)
97–105.
[15] Optech Inc. Home page of The Company Optech Inc., 2012. <http://
optech.ca> March 3, 2013.
[16] I. Puente, H. González-Jorge, B. Riveiro, P. Arias, Accuracy veriﬁcation
of the Lynx Mobile Mapper system, Opt. Laser Technol. 45 (2013)
578–586.
[17] I. Puente, H. González-Jorge, J. Martínez-Sánchez, P. Arias, Review of
mobile mapping and surveying technologies. Measurement 46
(2013) 2127–2145.
[18] J. Boavida, A. Oliveira, S. Santos, Precise Long Tunnel Survey using
the Riegl VMX-250 Mobile Laser Scanning System. In: RIEGL
International Airborne and Mobile User Conference, ‘‘RIEGL LiDAR
2012’’, 27 February 27th–March, 1st 2012, Orlando, Florida, 2012.
I. Puente et al. /Measurement 47 (2014) 569–575 575
Automatic detection of road tunnel luminaires using a mobile LiDAR system
83

Chapter 8 
NDT DOCUMENTATION AND EVALUATION OF THE ROMAN 
BRIDGE OF LUGO USING GPR AND MOBILE AND STATIC 
LIDAR 
Resumen: 
El Puente Romano de Lugo (España) ha sufrido muchas restauraciones a lo largo del 
último milenio. Actualmente soporta presiones pesadas y constantes debido a las cargas de 
tráfico. Por lo tanto, se requieren inspecciones frecuentes de la misma. En este capítulo, 
diferentes Técnicas No Destructivas (TND) se combinaron para la inspección y la 
documentación as-built en 3D de este puente de arco de fábrica. Los dispositivos LiDAR 
móvil y estático, integrados con cámaras digitales, se utilizaron para analizar el exterior del 
puente mientras que el equipo georradar (GPR) fue empleado para caracterizar su fábrica 
interna. Se proporciona un modelo 3D texturizado, que se combina con los detalles 
internos del GPR. Su análisis podrá en definitiva beneficiar la inspección de puentes de 
arco de fábrica. 
Palabras clave: escaneado láser móvil, georradar de penetración terrestre, integración de
datos, inspección de puentes. 
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Technical Note
NDT Documentation and Evaluation of the Roman Bridge
of Lugo Using GPR and Mobile and Static LiDAR
Iván Puente1; Mercedes Solla2; Higinio González-Jorge3; and Pedro Arias4
Abstract: The Roman Bridge of Lugo (Spain) has undergone many restorations throughout the last millennium. It currently supports heavy
and constant pressures resulting from traffic loading. Therefore, frequent inspections are required. Within this article, different nondestructive
testing (NDT) technologies were combined for the inspection and as-built three-dimensional (3D) documentation of this masonry arch bridge.
Both mobile and static light detection and ranging (LiDAR) devices, integrated with digital cameras, were considered to analyze the exterior
of the bridge whereas the ground penetrating radar (GPR) equipment was used to characterize its internal stonework. A 3D textured bridge
model is given, which is combined with inner details from GPR. Its analysis could certainly benefit masonry arch bridge inspection. DOI: 10
.1061/(ASCE)CF.1943-5509.0000531. © 2013 American Society of Civil Engineers.
Author keywords: Mobile laser scanning; Ground penetrating radar; Data integration; Bridge inspection.
NDT documentation and evaluation of the Roman bridge of Lugo using GPR and mobile and static LiDAR12Introduction
Nondestructive testing (NDT) has increased its importance over the
last few years in the detection of anomalies on historical buildings.
The use of these technologies is further supported by organizations
Inspection is also required attributable to the observable hetero-
geneity in the exterior masonry composition, which can affect
the structural reinforcement in terms of durability and strength.13
14 3such as ICOMOS and UNESCO, which have asserted the impor-
tance of NDT to evaluate historical monuments (ICOMOS 2001;
García et al. 2007; Orlando and Slob 2009). In Galicia (Spain) there
is a significant set of masonry arch Roman or medieval bridges,
most of which are still in use within the transportation network
(Alvarado et al. 1989; Forde 1998). Consequently, these bridges
require periodic inspections because they are normally subjected
to potentially destructive conditions (Bhandari and Kumar
2006). Their specific features represent a major challenge to the
engineering communities in terms of developing nondestructive in-
spection technologies and appropriate methodologies.
This paper reports the possibilities of combining different NDT
technologies for the inspection of historic structures, specifically
static and mobile LiDAR for the evaluation and documentation
of the external masonry, and ground penetrating radar (GPR) im-
aging for its internal inspection. In this work, this combined ap-
proach was applied to the Roman bridge of Lugo. This bridge
was selected as it requires frequent diagnosis because it is an an-
cient structure that provides a contemporary strategic road access to
the city, supporting heavier traffic loads than in former times.
Materials and Methods
Roman Bridge of Lugo
The Roman Bridge of Lugo over the Min˜o River (Lugo, northwest
Spain) has eight gothic or barrel arches spanning from 5.6–10.4 m
(Fig. 1). This bridge’s current appearance is the result of several
reconstruction and restoration tasks from many eras (Roman –it
was part of the Via XIX of the Antonino Itinerary in the III
century–Medieval, XVII, XIX, and XX century). Consequently,
different building materials such as granite and schist are observed
in the stonework surface (Fig. 1).
The effects of these rehabilitation tasks include the roadway
enlargement and leveling dated from 1893 and the renewal and
reinforcement of all the metallic components toward the end of
the XIX century.
The roadway enlargement was made according to the project of
the engineer Godofredo A. Cascos. This rehabilitation gave the
bridge new sidewalks and horizontalized the ground level of the
road surface, which was traditionally sloped. The masonry parapets
of granite stone were removed to increase the road width. The wid-
ening of the bridge is attributable to the metallic sidewalks of 1.5 m
wide along both sides, supported by a structure formed by two
double-T profiles with beams and plates forming the floor of
the extension. These beams were supported on schist and granite
blocks in the corners, built for the occasion.
In 1971, all the metallic components from previous rehabilita-
tion have been replaced, and the entire section of the bridge was
reinforced with the installation of IPN 200 beams under the metal
sidewalks, to act as load transfer between the heads of the IPN 450
beams supported on pilasters. The metal railing placed at the end of
the nineteenth century, was also replaced.
During the construction of a water collector in 1995, the foun-
dations and original roman blocks were discovered at the base of
its first, second, and third pilasters. It was also observed at that
time that those foundations were damaged owing to a lack of
blocks, which might have been swept along previously by the
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river. In 1996, those gaps in the masonry were temporarily replaced
with geotextile bags filled with cement. In 2012, the City Council
of Lugo, in cooperation with the Spanish Ministry of Public Works
and Transport, carried out the rehabilitation works to improve the
structural capacity of the bridge with the renewing of the stone
blocks and the filling reinforcement using special mortars.
Surveying Methods
The external and internal structure of the Roman Bridge of Lugo
was evaluated in this work. An integration of both mobile and static
LiDAR methods was considered to process their scan data into as-
built bridge documentation, and a GPR system (Fig. 2) was used to
characterize its internal stonework. Moreover, fully integrated
digital cameras in the LiDAR systems provide useful radiometric
information for pathology detection or texture identification in dif-
ferent constructive materials (González-Jorge et al. 2012).
Light detection and ranging (LiDAR) technology can perform in
static or mobile form. Static terrestrial systems use a topographic
tripod for its placement, whereas mobile systems are typically
integrated in surveying vehicles such as vans or boats. Mobile
LiDAR systems show higher productivity, reducing field survey
time and minimizing safety risks to operators traditionally collect-
ing these data (Petri 2010; Pu et al. 2011).
In this study, the mobile laser scanning system selected was the
Optech’s Lynx Mobile Mapper (Fig. 2). The Lynx is based on two
LiDAR sensors to collect LiDAR data at 500,000 measurements
per second with a 360° FOV for each scanner. It provides a quick
and accurate (8 mm, 1σ) geospatial documentation of the bridge
road and its surroundings (i.e., river banks, access roads, neighbor-
hood building blocks). The standard deviation, σ, is a statistical
measure of the range precision of the Lynx scanners (under test
conditions). The Lynx also incorporates the Applanix POS LV
520 system, which integrates an inertial measurement system with
two-antenna heading measurement system (GAMS). Optech pro-
vides four 5-Mpx digital cameras boresighted with the LiDAR
sensors. The Lynx control rack regulates the LiDAR, imaging
and GPS/INS dataflow (Puente et al. 2013).
The processing of the Lynx Mobile Mapper data is done after
field mission. POSPac MMS 5.4 was used to process GPS/IMU
data gathered during the survey, to create a final SBET (smooth
best estimated trajectory) for Lynx processing. Following that,
DASHMap is used to process all Lynx data. The LiDAR raw mea-
surements were merged with the SBET to calculate a georeferenced
point cloud.
On the other hand, the Riegl LMS Z-390i three-dimensional
(3D) laser scanner (Fig. 2) (Riveiro et al. 2011) completes the
mobile LiDAR information and in comparison, is best suited for
limited area project environments, like individual scanning of joints
or deformation studies of bridge decks. In addition, it gives geo-
metric details of those parts of the structure that cannot be measured
by the inspection vehicle, such as abutments or arches (Armesto
et al. 2010).
Before starting with the data acquisition, a scan project planning
was developed. This step aims to solve the following issues: loca-
tion and number of scans, resolution, occlusions, and reference sys-
tem. The survey team acquired two complementary datasets of the
Roman Bridge of Lugo in two periods, with 10 scan positions per-
formed in each [February 2011 and September 2012, Figs. 1(a and
b), respectively]. This provided two independent point clouds that
allowed the documentation of the bridge at different times. In fact,
rehabilitation works were being performed in September 2012 to
relocate blocks of stones in the roman pilasters, and a caisson was
built for the occasion. This fact allowed the investigators access to
certain sunken elements of the bridge, namely the second, third,
and fourth pilasters (starting from the right margin downstream),
which are of great interest for stability analyses.
Finally, ground penetrating radar (GPR) can provide valuable
information about the nonvisible parts of the bridge (Solla et al.
2012). In fact, GPR data is useful for characterizing the inner
filling over the vaults, responsible for the stability and durability of
these arched structures. In this work, data was acquired with the
250-MHz antenna using the common-offset-mode over the path-
way of the bridge: two longitudinal parallel profiles were collected
in opposite directions through the downstream and upstream
extremes of the pathway in the longitudinal direction (Fig. 2).
The survey parameters selected were 5-cm-trace-intervals with a
200-ns total time window and 550 samples per trace. More infor-
mation about how GPR operates and its configuration in the data
acquisition can be found in Annan (2003). Before interpretation can
begin, the GPR data was processed with ReflexW v.6.1 software
(Sandmeier 2007) to correct the down-shifting of the radar section
owing to the air-ground interface and to amplify the received signal,
and to remove both low and high-frequency noises in the vertical
and horizontal directions.
Data Integration
This process involves combining data from different sources
(terrestrial and mobile LiDAR, GPR, and cameras) and providing
end-users a unified view of the bridge and its environment. Data
integration is performed through the registration of the color LiDAR
and GPR data to a common reference frame. The proposed workflow
for the generation of the 3D bridge model is shown in Fig. 2.
Fig. 1. General view of downstream side of the Roman Bridge of Lugo (images by authors): (a) in 2011; (b) at present
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Basically, the LiDAR registration process (or alignment), man-
aged by Riscan Pro Software (Riegl et al. 2003), consists of trans-
ferring the resulting bridge point clouds acquired from different
sensors into the PRCS (project coordinate system) to obtain a
unique 3D bridge model. The registration involves the computation
of rotation and translation parameters. The method consists of
finding corresponding control points in two different scans. These
control points correspond to the center of the retro-reflective planar
targets used during this survey. Afterwards, a multistation adjust-
ment based on iterative closest point (ICP) method (Besl and
McKay 1992) can be performed to minimize those alignment
errors. The orientation and position of each scan position is modi-
fied in several iterations to calculate the best overall fit for them.
Also, eight additional control points were located in both longitu-
dinal profiles analyzed to georeference each GPR profile in the
coordinate system defined by the LiDAR. Knowing the coordinates
of the control points measured by the LiDAR system and the lo-
cation of the corresponding trace in the GPR data acquired over
these points, GPR profiles were accurately registered in relation
to the 3D geometric model.
Results and Discussion
Considering a set of calibrated images and a triangle mesh model
of the bridge, texturing the model is a direct process: each point of
Fig. 2. Workflow for the generation of a combined 3D bridge model from 3D colored point clouds and radargrams
Fig. 3. 3D views of the Roman Bridge of Lugo after LiDAR data integration: (a) overview of the complete 3Dmodel and its surroundings; (b) detailed
view of the pavement coupled with the bridge elevations
© ASCE
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the surface can be back-projected to one of the pictures to retrieve
color at that point. After processing, the complete 3D textured
model of the bridge in standard format was generated. Fig. 3 de-
picts the result of the multistation adjustment function applied to
the bridge, once the coarse registration of each point cloud was
done. The overall registration error was less than 2 cm.
Also, the following files for archival purposes were generated:
orthoimages of the elevation views of the bridge [Figs. 4(a, c)], cus-
tomizable sets of horizontal and transversal sections or photo-
textured digital models, which are powerful visualization tools that
preserve information about the bridge that would otherwise be per-
manently lost. Furthermore, based on this 3D model, several analy-
ses can be derived, including morphometric analysis of the bridge
arches and the span symmetry evaluation.
Fig. 4 shows both processed radargrams acquired with the
250-MHz antenna through the upstream (a) and downstream (c) ex-
tremes of the pathway. Processed arches are numbered from the left
to the right margin upstream. It is possible to appreciate the differ-
ent GPR signal responses over the arches composing the bridge
(reflections from R1 to R8 in Fig. 4). Severe attenuation of the
electromagnetic signal was observed over some arches, and the re-
flections produced by the arch-air interfaces were clearly identified
in both radargrams only for the arches 3, 4, and 7. Moreover, the
reflection generated from the air-water interface was identified
under these arches (R9 in Fig. 4). The signal was nearly completely
attenuated for arches 1, 5, and 6, although they were placed at the
same level as the others (Fig. 4). The consecutive hyperbolic reflec-
tions in the white circles of the radargrams indicate the beams
placed, between the pilasters at both upstream and downstream
sides of the bridge, for roadway enlargement during the rehabili-
tation tasks performed in 1893.
Arches are identified in a two-dimensional (2D) GPR image, or
radargram, as hyperbolic reflections. Although this bridge consists
of eight arches, only some of them were easily interpreted from the
GPR data acquired (Fig. 4); for the others, the radar signal was
partially or totally attenuated and consequently, unrecognized.
These differences in signal response could indicate the existence
of different stonework and filling into the structure in consequence
of the several reconstructions and restoration tasks performed
throughout its lifetime. The 3D-textured model generated from
LiDAR data allowed identification of the different materials in
the external bridge-faces: some arches have a granitic vault (1,
2, 4, 7, and 8 from the left margin upstream), whereas others have
a slate vault (5 and 6) or even a mixed granitic and slate masonry
(vault 3). Thus, the signal attenuation produced can be explained
by this fact, and vaults built of slate materials, such as arches 5 and
6, presented more attenuation than the others built with granite
(arches 4 and 7). The signal attenuation observed for arches 1,
2, and 8 (Fig. 4) could be related to the identification of a slightly
sloping constant reflector at both margins of the bridge (R10 in
Fig. 4). The geometry, condition, and size of this reflector greatly
ratified the double slope profile of the Roman Bridge of Lugo in
former times (Solla et al. 2008). Thus, arches 1, 2, and 8 could
be attenuated because of the use of a nearby conductive filling,
most probably composed of slate medium or even modern con-
structive materials such as clay or soil cement, used for leveling
the road surface of the bridge. The highest point of the structure
was over the keystone of arch 5 from the right margin downstream
Fig. 4.Orthoimages of the bridge-faces and 250-MHz radargrams, showing the interpretation of the main reflectors identified: (a) upstream; (b) bridge
top view with the location of the GPR profiles performed; (c) downstream; nonhomogeneous materials are observed: granite (in light grey) and slate
(in black)
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(Solla et al. 2008), and the structure was filled over arches 1 and 2,
and more slightly over arch 3. However, the slope of the surface
was decreased over arches 4, 5, 6, and 7. Additionally, the irregular
shape observed in the reflection generated from the arch-air inter-
face of arch 3 could be a consequence of this lack of homogeneity
(Solla et al. 2011). Therefore, this irregularity is most probably
attributable to the differences in the velocity of propagation for
the existence of different granitic and slate masonry in its vault
(Fig. 4). This interpretation is supported by other authors (Daniels
2004). They have reported that the granitic medium has a lower
dielectric constant than the slate medium. Therefore, the velocity
of propagation is greater for the case of granitic medium. On
the other hand, slate medium has higher dielectric conductivity,
which produces higher attenuation of the electromagnetic signal.
The dielectric constant and dielectric conductivity published values
(Daniels 2004) for both dry granitic and slate filling are 5.0 −
0.00001 Sm−1 and 8.0 − 0.001 Sm−1, respectively.
263 Conclusions
Future masonry rehabilitation would need the replacement of the
filling and external stonework materials in some portions of the
bridge to ensure the durability and stability of the structure. In this
way, LiDAR technology, both static and mobile, has shown its
capability for measuring the 3D geometry of the objects without
making direct contact with them. Based on several accurate geo-
metric surveys, the overall geometry of the masonry arch bridge
of Lugo has been obtained. Within this article, the multiregistration
of different LiDAR technologies has been proven to generate a
well-documented 3D bridge model. In addition, the registration
of different point clouds with high quality images enable graphic
outputs as 3D models, 2D plans, and orthophotos that develop an
important role for heritage documentation purposes (i.e., the detec-
tion of different constructive materials).
On the other hand, the presented GPR results confirmed that the
method is an effective NDT technology for masonry arch bridge
inspection, revealing construction details and modifications which
have arisen over time. The 250-MHz frequency selected for data
acquisition precluded an accurate mapping of diverse areas in
the entire bridge structure, depending on their different filling, re-
lated to several restorations and reconstruction tasks performed
over its lifetime. Granitic and slate filling were interpreted, where
the presence of slate filling was detected by the attenuation of the
radar-wave in comparison with granitic fill.
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Chapter 9 
GENERAL DISCUSSION
Transport infrastructures are gradually eroding from the moment they are built. Multiple 
agents such as high traffic density, adverse weather, air pollution or vandalism can 
significantly affect their structural capacities. This is the reason why monitoring during and 
after construction works is so useful. In this sense, infrastructure management systems 
should provide updated information regarding their condition and use for monitoring 
purposes. 
However, there is a clear need of automation in this regard. Hence, it is necessary to 
develop approaches to make the inspections more automated. Accordingly, this research 
considers the development of new methodologies based on nondestructive geomatic
techniques that can benefit the infrastructure inspection and maintenance. This 
dissertation addresses this specific problem introducing mobile laser scanning (MLS) 
systems in the AEC domain. These systems, as discussed below, constitute at present one 
of the most recent trends in the field of Geomatics.  
In this chapter 9, the main findings of this dissertation are given and discussed. The 
discussions are presented in three sections, following the thesis outline. 
STATE OF THE ART IN MOBILE TERRESTRIAL LASER SCANNING 
SYSTEMS 
Geomatics can improve the management of global geospatial resources and infrastructure. 
This discipline has evolved rapidly and conducts nowadays research in positioning, mapping 
and monitoring of the built and natural environments. The latest trend in geomatic 
techniques points towards the mobile surveying, where a collection of accurate 3D point 
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clouds is provided by laser scanning systems on moving platforms. This technology offers 
an endless amount of possibilities to make it suitable for the infrastructure inspection.  
A comprehensive review of the existing MLS systems in the market constitutes the starting 
point of this dissertation. Its contents include a description of the technologies involved, a 
review of seven MLS systems available in the market in 2012 and a discussion of their 
technical characteristics and limitations. However, this review is now outdated. The 
parameters of laser scanners and navigation are rapidly improving as a result of technological 
advances. For example, RIEGL has recently released its new systems, the VMX-450 and 
VMZ while OPTECH released the Lynx SG1 Mobile Mapper by June 2013.  
Anyway, the comparison comprehensively assessed the performances and strengths of 
different state-of-the art MLS systems on the basis of their important aspects: 
ranging method, accuracy of position and attitude measurements, pulse repetition rate, 
etc. New insights derived from this review identified systems that were ideal for use in 
cartographic applications (GIS and infrastructure inventories) versus those better suited 
for surveying infrastructure that are later needed for engineering and monitoring 
purposes. The accuracy requirements for the map or survey data change considerably, so 
every scanner specification should be taken into account in order to obtain the best 
solution according to the intended application. 
For example, the TOPCON IP-S2 instrument has been used to provide panoramic views 
along many streets in the world (in the GOOGLE STREETVIEW application), but it does 
not meet the requirements of a surveying activity (scan frequency: 75 Hz; PRR: 40 kHz) nor 
applications such as mining and environmental monitoring due to its limited range (30 m). 
For these applications, a system such as the DYNASCAN MDL scanner could be more 
useful. It has lower accuracy ( ±5 cm), but it enables large-scale detailed 3D mapping 
projects because it is capable of measuring long ranges up to 500 m.  On the other hand, 
OPTECH and RIEGL systems showed the best laser specifications available on the market. 
TRIMBLE MX8 or STREETMAPPER also demonstrated good characteristics for 
applications such as road inspection, but they were slightly below that those stated early. 
Other important parameters related to these systems are the following:  
(1) System portability: key factor for a number of applications, including roads, railways,
mining, and boat surveys, which must be managed by the same system. The 
TOPCON and MDL systems were the most portable of all systems.  
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(2) Achievable point density, which varies significantly depending on the laser pulse
repetition rate (PRR) of the scanner, the scan speed (or lines per second, LPS), the 
measurement distance (r) and the vehicle’s driving speed (v).  
MLS systems have shown their power in wide application areas, providing high productivity 
and safety for inspectors. They are gaining widespread acceptance with time and due the 
continuous progress of mobile mapping technology, it is expected that mobile mapping 
potential will be guaranteed. For a complete and deeper discussion, I referred readers to 
chapter 2. 
ACCURACY ASSESSMENT OF MOBILE LIDAR DATA 
Flawed data can lead to inaccurate conclusions and wrong decisions from end-users. This 
fact causes a growing demand for high-accuracy data collected by terrestrial mobile laser 
scanning (MLS) systems. While technical specifications are provided by the LiDAR system 
manufacturers, those are typically difficult to achieve in real-world applications. Moreover, 
for an effective and efficient exploitation of laser-scanned point clouds, it is necessary to 
evaluate their accuracy. In this sense, several studies assessing data accuracy in mobile or 
airborne LiDAR have been published previously (Barber et al., 2008; Glennie and Lichti, 
2010; Ussyshkin and Smith, 2007). 
In addition to those studies described above, a series of controlled field experiments were 
conducted to validate the accuracy of the Lynx Mobile Mapper, which is the mobile unit 
used for the data collection of this research. The ultimate aim was to compare the 
specifications given by manufacturers with their real performance.
To evaluate the relative accuracy of the mobile LiDAR scanning system, data from repeated 
scans were compared. A verification artifact with calibration spheres was used for this 
purpose. Specifically, twenty scans of this standard artifact were performed along the 
trajectory selected in two different days and different calibration standard positions (X— 
driving direction, Y—horizontal and perpendicular directions and Z—vertical and 
perpendicular directions). Only the spheres of the artifact were identified in each dataset 
along the route.  
Coordinates of the center of spheres were evaluated using a least-square fitting algorithm 
implemented in Matlab software. Distances between the centers of each sphere (d1–2, d1–
3, d1–4 and d1–5) were calculated. The difference between these length results d1_i and 
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those obtained from a coordinate measuring machine LSS was then calculated to give an 
overall indication of the sphere–sphere accuracy. The results showed values that were less 
than 10 mm and in most cases, less than 5 mm. Correlation between the distance of the 
spheres centers and accuracy was not found. Also, there is no simple correlation between 
accuracy and the orientation of the standard artifact. 
Every time the LiDAR sensor heads are installed or moved within the roof rack of the Lynx 
system, small changes in the alignment may occur, requiring field testing of the boresight 
calibration parameters. The best way to calibrate the Lynx system is to correct for the 
heading, pitch and roll parameters in that order. This task is performed manually and results 
can be computed to an acceptable accuracy level. The next test was used to evaluate the 
boresighting accuracy. 
The sphere centers were measured independently by LiDAR sensors A and B. Then, the 
differences between the centers measured by each of the sensors (boresigthting accuracy) 
were measured. Again, there was no clear correlation between the accuracy and the 
orientation of the artifact. Somehow, a clear difference (1–4 cm) appeared between 
measurements taken from sensors A and B, which could come from a system miscalibration. 
Lastly, the absolute accuracy evaluates the reliability of the mobile LiDAR in the 
measurement under global coordinate systems. This absolute accuracy is dominated by the 
quality of the GNSS solution. The results demonstrated that under good conditions (PDOP 
<2.5), the accuracy values in X, Y (position coordinates) and Z coordinate (elevation) were 
all under 2 and 2.5 cm, respectively. Nevertheless, once the PDOP started rising up 
(PDOP>4), errors increased too. It was the case for strips 7–16, where the maximum values 
were 10 cm for the X coordinate, 25 cm for Y and 30 cm for Z coordinate. It is important 
to remark that GPS heights tend not to be as accurate as the GPS horizontal positions.  
GEOMATIC APPLICATIONS IN TRANSPORT INFRASTRUCTURE 
RESEARCH AND DOCUMENTATION 
The research presented in this Section 3 developed methodologies supporting the generation 
of algorithms for extracting infrastructure surveying attributes from laser-scanned point 
clouds. During this study, I identified some limitations of the previous approaches in order 
to better define the new contributions of this dissertation. The developed methods automate 
the processes of identifying useful values during inspection and maintenance works. 
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However, in spite of these automations, users still need to manually select some parameters. 
The effectiveness and limitations of the developed algorithms were demonstrated under real 
site conditions, grouped in three categories: (1) pavements, (2) road overpasses and historic 
bridges and (3) motorway underpasses and tunnels.     
PAVEMENTS 
Pavements are key elements in road infrastructure. They have a life expectancy of between 
10-20 years. Small cracks, water infiltration or heavy traffic loads can considerably weaken 
the pavement (Applied Geotechnologies, 2014). Once it has reached failure condition, 
inspectors look for rehabilitation options or reconstruction. The latter can be achieved 
strengthening the pavement by asphalt overlay or total reconstruction. This option involves 
the removal of existing pavement layers and rebuilding the pavement afterwards. 
The literature investigation in this specific topic indicates that, up to now, measuring 
pavement layer thicknesses was exclusively encompassed by GPR technology (Gordon et al., 
2006; Loizos and Plati, 2006; Saarenketo and Scullion, 2000). However, an algorithm for 
computing in an automated way the thicknesses and volumes of pavement layer is missing. 
Accordingly, a non-destructive, mobile LiDAR-based method was introduced in Chapter 4. 
The algorithm used interpolation functions for scattered data (x,y,z) to create a fitted 3D 
surface for each pavement point cloud. Then, the differences between the z values for two 
pavement layers were computed and thickness was derived. For the volume estimation, a 
rectangular grid superimposed over both layers was needed, being the spatial resolution a 
user-defined parameter. 
To validate the experimental results, a comparison with GPR data was performed. A total of 
two GPR profiles of 10 m long were obtained and accurately registered to the LiDAR layers 
using the control point locations. Only intermediate and base thicknesses were analyzed. The 
absolute errors, calculated as the difference between the LiDAR and GPR data (ground truth) 
were always less than 1.5 cm. The average percentage error was 9% at maximum. These 
errors can be dependent on the range precision of the scanners or other error sources closely 
related to GPR or registration procedures. 
ROAD OVERPASSES AND HISTORIC BRIDGES 
Bridges are amongst the most complex and costly road infrastructure. Nowadays, due to the 
consequences of the economic crisis, one of the main tasks in engineering is the maintenance 
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of existing infrastructure in order to prevent their fast deterioration and keep them operative 
according to current and increasing traffic loads and safety requirements. In most cases, the 
rehabilitation of for example, a bridge, is far more expensive than its maintenance.  
There are different types of bridge inspections: cursory, basic, detailed or special (Santos et 
al., 2007). Every inspection is unique, though generally speaking, the process can be 
considered as tedious, repetitive and subjective. Hence, having identified some limitations of 
the inspection approach, new methodologies were implemented in Chapters 5 and 8 for 
addressing them. 
The methodology presented in Chapter 5 consists of a three-stage algorithm for extracting 
the efflorescence on certain areas of road overpasses using mobile LiDAR data. The first 
block of algorithms is focused on the optimization of the point cloud, the second one on the 
automatic classification of the overpasses, and the third one on the detection of efflorescence 
(Fig. 6. from Chapter 5). 
In the first block, the trajectory data are normalized to 80 km/h to avoid recursive data 
collected for example, during a traffic jam where the mobile unit is stopped. A distance of 
0.11 m between points was set (for a GPS collection rate of 200 Hz) and intermediate points 
were removed. Since the point cloud is time stamped to the trajectory, data volume was 
reduced approximately by 55% though the spatial resolution continues to be high enough 
for the objective of this chapter.  
Next, the range was limited to 30 m, where the overpasses are expected. This filtering process 
is also very fast, because the LiDAR data table stores the range directly and does not require 
any intermediate calculation. The point cloud was reduced 16.7%. Finally, a vegetation filter 
removed all the points that return multi-echo signal and also the neighbors inside a 5 cm 
radius sphere. Data were reduced in 9.3%. The reduction is small, though the filter seems to 
be very useful in areas where the vegetal coverage is more representative. 
A LiDAR angle approach was used to achieve the overpass structures segmentation and 
classification. A graphic representation of laser scan angle vs. distance run by the vehicle is 
used to set the angle threshold between 182º and 360º, though within these angles there are 
some vegetation or some traffic signs acquired as structures. To avoid this problem, a second 
segmentation is implemented, where the segmented data correspond only to the central part 
of the structure using a vertical angular slice from the LiDAR sensors of 6º.  
Classification is now possible using the time stamp values for the previously segmented data 
(vertical LiDAR slice of 6º). These will be the initial centroids required for the K-means 
98
Chapter 9
algorithm, an unsupervised classification method that iteratively divides the range of values 
into clusters (Cheung, 2003). Once the clustering is finished, the maximum, minimum and 
average of each class are easily obtained. These values are used in the presegmented dataset 
of the point cloud, to obtain the complete structure. The classification was 100% successful, 
because the structures are enough isolated and distant according to their time stamp values. 
These algorithms are able to classify overpasses in a semi-automatic approach, as some 
parameters are unavoidably user-defined. This observation shows the flexibility of the 
developed method, enabling the refinement of parameters. Inspectors working on actual 
bridge inspections could benefit from this methodology, gathering dense 3D laser scanned 
data of each of these classified overpasses after their surveying with the MLS unit.  
In addition, one complementary method can help users to detect efflorescence. On porous 
construction materials, this crystallization from a hydrated salt on exposure to air can 
sometimes indicate serious structural weaknesses, though most of the times present a 
cosmetic problem only. It is known from previous works that efflorescence and moisture 
provide lower reflection than concrete and masonry stone (Wang et al., 2012). Thus, the 
solution for the automatic detection of efflorescence is implemented taking into account an 
intensity threshold. It is very important to execute the previous extraction of the pavement 
data because its intensity response is similar to the efflorescence and can provide false 
positives. 
The results obtained from this methodology show a clear difference in the radiometric 
performance of the masonry, especially for those stones with high humidity content. 
Therefore, the data were in agreement with the real situation of the bridge and the 
interpretation done by the experts. In this sense, a new application for mobile laser scanning 
was demonstrated, and it will probably become soon a necessary tool for conservation 
condition surveys and the elaboration of thematic map of damages. 
Regarding bridge inspections, there are critical contents about their internal stonework that 
were not incorporated in the previous developed methodology. Specifically for historic, arch 
bridges that are still in use supporting heavy traffic loads, it is mandatory to characterize their 
inner filling over the vaults as it is responsible for the stability of these arched structures.  In 
this sense, bridge professionals use GPR technology as the only non-destructive means to 
characterize and obtain quantifiable data of the inner building materials. On the other hand, 
LiDAR systems integrated with digital cameras can provide useful radiometric information 
of the external materials. 
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As a consequence, in Chapter 8, the aim was to develop an integrated methodology fusing 
both techniques in order to minimize the disadvantages related to each technique 
individually. In addition, a static terrestrial LiDAR system was used to give geometric details 
of those parts of the structure that cannot be measured by the inspection vehicle. 
The LiDAR derived products included orthoimages of the elevation views of the bridge, 
customizable sets of horizontal and transversal sections or phototextured 3D digital models, 
all being powerful visualization tools. Furthermore, and based on the 3D model provided by 
the LiDAR systems, several analyses could be derived, including morphometric analysis of 
the bridge arches and the span symmetry evaluation. 
GPR results indicated a great heterogeneity in the filling and constructive materials. This is 
actually corroborated by the fact that only some of arches were easily interpreted from the 
GPR data acquired; for the others, the radar signal was partially or totally attenuated. 
Meanwhile, the 3D-textured model allowed the identification of different materials in the 
external bridge-faces: some arches had a granitic vault whereas others have a slate vault or 
even a mixed granitic and slate masonry. This fact could explain that vaults built of slate 
materials presented more attenuation than the others built with granite. 
Moreover, the signal observed for arches 1, 2, and 8 (see figure 4 of chapter 8) could be 
attenuated because of the use of a nearby conductive filling, most probably composed of 
slate medium, clay or soil cement, used for leveling the road surface of the bridge. This 
interpretation was supported by other authors (Daniels 2004), which reported that the 
granitic medium has a lower dielectric constant and greater velocity of propagation than the 
slate medium. The latter has higher dielectric conductivity and therefore, higher attenuation 
of the electromagnetic signal.  
UNDERPASSES AND TUNNELS 
As in the case of bridges, tunnels are also costly road infrastructure. Their construction lead 
to previous geotechnical studies and the use of tunneling machines or explosives, which 
definitely increase their cost. Therefore, their inspections are critical to keep them operative 
as long as possible.  
In the following Chapters 6 and 7, two different tunnel case studies are introduced: (1) a 
motorway underpass under construction and (2) one existing tunnel. The inspections works 
and priorities are different: in the first case, the maximum concern is to monitor the 
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underpass during the construction works while in an operative tunnel, the routine inspections 
will be focused on the maintenance of the existing facilities. However, in both cases, the 
inspection works are manually done. Moreover, tunnel inspections are normally performed 
during the night minimizing the disruption of traffic flow. So in order to overcome these 
drawbacks, both chapters present methodologies to perform innovative tunnel inspections. 
The case study conducted in Chapter 6 demonstrated the monitoring possibilities of the 
proposed method, based on MLS data and 3D post-processing algorithms. Normally, a large 
infrastructure collapse is often preceded by smaller deformations or damages in the 
construction. That is why its monitoring is so important. 
The area selected for change detection was located around the joints between voussoirs, at 
the top of the underpass structure.  Joints allow small dilatations of the underpass when it is 
subject to construction works or backfilling processes and therefore, they are where the 
biggest deformations are expected. 
The semi-automatic method required first the acquisition of two 3D point clouds of the 
structure, before and after the eartworks. Using target coordinates, both data sets are 
registered into a same local reference system. Then, two algorithms were applied: (1) surface 
fitting algorithms to evaluate residuals from both scans, being the differences in the residuals 
the input for the deformation map. (2) Algorithms to create longitudinal profiles and evaluate 
step heights between the initial and final stages. 
Results obtained with this method showed that maximum deformation was 5 mm. 
Unfortunately, these deformations were not measured with other measurement techniques, 
such as total stations due to time (backfilling took about 10 days) and location restrictions. 
Thus, it was impossible to validate the methodology and the results, even though the latter 
were under the predicted tolerances. 
Tunnel facilities are inspected periodically following the existing laws and regulations. In 
Chapter 7, an automatic method for the detection of the lighting system was implemented 
based on MLS colored data. As stated in the introductory chapter, luminaires play a critical 
role in terms of safety and energy consumption. However, their inspection is manual and 
time-consuming, which motivates this research. 
The algorithm first filtered the dataset based on heights and then, classified the point cloud 
as luminaires using a user-defined RGB color threshold. The tunnel color data resulted in a 
bimodal distribution, with two peaks at approximately 7.7(surrounding environment) and 
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255 (luminaires) in a scale of 8 bits. Considering that the difference was big enough, the 
threshold for luminary detection was set on a certain value within the range 150–220. 
Final stages were executed for refining the existing segmentation of the luminaires and 
calculating their centroids afterwards. Luminaires appeared elongated due to motion blur 
length errors. This problem was corrected based on the known values of vehicle speed and 
camera shutter speed. Alternatively, if a faster shutter speed was selected (1/250 s or 1/500 
s), a shorter time would pass from the moment the shutter opens until the moment it closes 
and the elongation would be insignificant.  
The results of this methodology were validated by backprojecting the detected luminaires 
into the original point clouds, and comparing them with the measurements done in 3D 
reverse engineering software. The algorithm proved to be successful, recognizing a total of 
62 luminaires out of 64. Both undetected luminaires were turned off. 
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Chapter 10 
GENERAL CONCLUSIONS 
In this final chapter, the general conclusions and future research lines are given. 
 Mobile LiDAR technology has been described in a series of case studies related to road 
infrastructure. Its suitability for infrastructure surveying activities has been proved in 
pavements, road overpasses, bridges, underpasses and tunnels. GPR technology has been 
proved as an appropriate technique for the characterization of inner building materials. 
Static LiDAR has been used as a complementary technology for inaccessible areas where 
the mobile LiDAR cannot reach. 
 Multiple benefits of MLS technology has been demonstrated over traditional surveying 
methods: it is more accurate and more efficient, reducing field survey time and 
minimizing the potential safety risks to ground crews traditionally collecting this type of 
data. It is an exceptional solution for any Department of Transportation responsible of 
preserving, repairing and operating safely the infrastructure of its country.  
 A comprehensive review of the ability of land-based mobile laser scanning systems to 
derive detailed topographical data was described. The main findings identified systems 
that were ideal for mapping versus others better suited for surveying. It was analyzed 
how the scanning distance, angular resolution of a scanner, rotation speed of a scanner 
and data collection rates of a scanner influence the choice of a specific MLS system. 
 The feasibility of the Lynx Mobile Mapper system to produce dense 3D measurements 
at a relative accuracy level of 10 mm or less has been demonstrated using a mechanical 
calibration standard for the test. Absolute accuracy levels around 1–5 cm make this 
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mobile system convenient to carry out many mapping and surveying tasks. Although, we 
may assure a good GNSS coverage (PDOP<2.5). If not, we can observe how errors may 
increase up to 0.3 m.  
 Using the abovementioned calibration standard, it was possible to evaluate the boresight 
calibration of the Lynx Mobile Mapper system, which is a necessary step before 
undertaking a new project.  
 To facilitate an efficient and effective use of rich geometric information captured in 
dense 3D laser scanned data, the research described in this dissertation developed and 
implemented automated algorithms in: 
(a) Pavements. A novel method to evaluate pavement layer thicknesses and volumes
from laser scanning data was presented. The developed algorithm allowed not only 
to conduct both punctual and average thickness measurements, but furthermore to 
measure the volume of the layers. The numerical assessment of the layer thickness 
accuracy was evaluated using two 2D longitudinal profiles acquired with a 2.3- GHz 
GPR antenna. These results, with errors that were in all cases less than 1.5 cm, were 
affected by the registration process, GPR and GPS errors in the data collection as 
well as the range precision of the Lynx scanners (8 mm, 1 s). 
(b) Road overpasses. A set of algorithms for the automatic classification and detection
of efflorescence using mobile LiDAR data was developed. The mobile LiDAR 
datasets were first automatically filtered out (point cloud normalization, radial and 
vegetation filters). Two different approaches were studied for the segmentation of 
the structures, using the information of the LiDAR angle. A K-means classifier was 
used in this step. Finally, the detection of the efflorescence was performed based on 
the LiDAR intensity data. The efflorescence diminishes the reflected radiation from 
the LiDAR and could be easily segmented from the surrounding point cloud. 
(c) Motorway underpasses. A mobile-based methodology to detect deformations in
motorway underpasses was described. The case study based on the auscultation of 
an underpass structure showed that small movements occurred between the 
voussoirs during the backfilling process (maximum of 5 mm), though they were 
under the accepted tolerances of the structure.  
(d) Tunnels. An algorithm for the automatic detection of tunnel luminaires was
introduced. Preliminary results from the segmentation were good. This method 
required users to adjust two thresholds: height threshold and color intensity 
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threshold. Assuring that all the luminaires are turned on during the first data 
acquisition, it will be possible later to detect and locate where a luminaire is turned 
off or just not working properly. The algorithm workflow presented here could be 
extended to recognize street lamps in urban areas if the surveying is performed 
during the night.  
 Cooperation and knowledge transfer between construction and engineering companies 
and University of Vigo were conducted during this dissertation.  
FUTURE LINES OF RESEARCH 
This research focuses on road infrastructure inspection and discusses some methodologies 
and algorithms implemented for pavements, tunnels, bridges, overpasses and underpasses. 
The following research directions for future work are identified as possible extensions of the 
work here described: 
(1) Explore additional requirements from the AEC domain 
The scope of this dissertation was limited to road infrastructure. The next step is to conduct 
further research about the geometric requirements in other AEC domains such as maritime, 
rail or aviation for identifying attributes of interest required by civil engineering practitioners. 
(2) Improve the methodologies of this dissertation and extend them to other domains 
Most of the automated methodologies presented in this research need some user-defined 
parameters as input. This fact can bring opportunities for developing more general data 
processing algorithms and also, discuss some extensions of the developed algorithms for 
making it applicable to other civil engineering domains. This may require the combination 
with other techniques, such as airborne LiDAR and photography.
(3) Data-driven updating of  infrastructure databases 
The automated approaches developed in this thesis can generate geometric attributes that 
can be stored simultaneously in infrastructure management systems or facility management 
databases. An interesting extension of this research would be to integrate this research with 
some model updating approaches to enable automatic data-driven updating of the specific 
facility management database. 
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Anexo II 
RESUMEN DE LA TESIS EN LENGUA CASTELLANA 

INTRODUCCIÓN
1.1. PROBLEMA 
Las infraestructuras de transporte son una de las temáticas más relevantes en el futuro 
próximo. Desarrollan un papel fundamental para la movilidad de personas y bienes y para 
la cohesión territorial, social y económica de cada país. En particular, y en el contexto de la 
Unión Europea, existe una iniciativa principal para una Europa eficiente en recursos bajo la 
estrategia Europa 2020, que apoya acciones en el área de transporte que aspiran a potenciar 
la eficiencia de recursos y la competitividad general (European Commission, 2011). 
Adicionalmente, nuestra crisis financiera global ha ocasionado importantes recortes en 
infraestructura. Un ejemplo en España es la reducción a la tercera parte en el presupuesto 
para infraestructuras en los últimos cuatro años. Los hechos antes mencionados han 
necesariamente reenfocado la inversión de infraestructuras a actividades de refuerzo y 
mantenimiento. 
Sin embargo, los servicios de inspección y mantenimiento in situ necesitan ser optimizados. 
A veces, la extracción de una propiedad geométrica (p.ej. el gálibo vertical de un túnel o la 
área transversal de un pilar) implica un gran número de mediciones manuales, iguales y que 
llevan tiempo. Además, el conocimiento, experiencia y cualidades personales de los 
inspectores varían en gran medida. Este hecho puede conducir a valoraciones erróneas del 
estado de las infraestructuras, cuando se utilizan técnicas cartográficas manuales o visuales. 
Por último, es difícil estimar la exactitud de los elementos geométricos extraídos. Por 
ejemplo, resulta complicado valorar cuantas medidas de distancia serán necesarias para lograr 
un volumen preciso de una capa de pavimento, puesto que dicho criterio se realiza hoy día 
de manera manual. 
Por tanto, los trabajos de inspección y mantenimiento presentarán retos y limitaciones que 
necesitan ser resueltos. En este sentido, la Geomática tiene mucho que decir. Esta disciplina 
incluye herramientas y técnicas utilizadas en land surveying, cartografía, fotogrametía y 
teledetección y otras formas relativas al mapeo terrestre. Una de sus áreas de aplicación es 
precisamente la gestión de infraestructuras. 
1
El primer problema que presenta la inspección en infraestructuras del transporte es la 
adquisición de sus datos geométricos. Los datos necesitan recogerse en una manera eficiente, 
precisa y rentable, satisfaciendo las elevadas demandas establecidas por los legisladores 
Europeos. La aplicación de los sistemas LiDAR móvil tiene el potencial de ayudar en dicha 
causa. 
La tecnología de escaneado láser es ya una tecnología madura, que ha ganado importancia en 
los últimos años en los ámbitos de arquitectura, ingeniería y construcción (AIC) debido a su 
capacidad para adquirir rápidamente nubes de puntos 3D de gran detalle (Akinci et al., 2006; 
Jacobs, 2006; Olsen et al., 2009). Las nubes de puntos pueden muestrear superficies 
localizadas a distancias diferentes (estos valores varían dependiendo del escáner utilizado) y 
por tanto, es posible capturar características geométricas detalladas. La tecnología MLS 
presenta múltiples beneficios para las agencias de transporte, incluyendo entre otras, 
seguridad, eficiencia y exactitud. Los sistemas MLS permiten adquirir muchos kilómetros 
de calzada en un único día mientras que los peritos ya no están expuestos a tráfico rápido 
ni ubicados en situaciones de peligro para adquirir las medidas necesarias (Williams et al., 
2013). Una revisión en profundidad de la literatura disponible en relación a los sistemas 
MLS se llevará a cabo en el Capítulo 2. 
Sin embargo, encuentro que uno de los cuellos de botella que impiden la adopción de la 
tecnología MLS en el ámbito de las infraestructuras es la falta de apoyo automatizado para el 
procesamiento e interpretación de datos 3D. Los ingenieros pueden crear modelos as-built 
3D utilizando varios software 3D de ingeniería inversa (Varela-González et al., 2013) pero 
todavía necesitarán gestionar manualmente en la oficina un “surveying virtual” (p.ej. tomar 
medidas en nubes de puntos 3D para el mínimo gálibo vertical de un paso superior). 
Este hecho motiva mi tesis doctoral, que continúa los esfuerzos para mejorar la eficiencia de 
estos procedimientos. En la misma dirección para proporcionar soporte automático, he 
formalizado flujos de procesamiento de datos 3D para la extracción de varios atributos 
geométricos y patologías presentes en infraestructuras. La implementación de los 
algoritmos tuvo lugar a través de esta investigación, validando dichos resultados en casos de 
estudio reales.  
De hecho, algunos de estos casos de estudio fueron sólo posibles gracias a la colaboración 
entre varias empresas de la construcción y la Universidad de Vigo. En particular, esta 
productiva relación comenzó a través del proyecto de investigación denominado “SITEGI” 
(Applied Geotechnologies, 2014), un proyecto de 3 años de duración cofinanciado por el 
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Fondo Europeo de Desarrollo Regional (FEDER) y el Centro para el Desarrollo 
Tecnológico Industrial (CDTI) de España. Los objetivos principales de este proyecto, que 
estaban en muchas facetas relacionados con los objetivos de mi investigación, consistieron 
en el desarrollo y adaptación de sistemas tecnológicos para la inspección, análisis y gestión 
de infraestructuras lineales y carreteras. El proyecto recibió en 2013 el premio al mejor 
Proyecto de I+D+i concedido por la Plataforma Tecnológica de la Carretera. 
1.2. OBJETIVOS 
Las contribuciones de la investigación descrita en esta tesis doctoral persiguen los siguientes 
objetivos: 
(1) Validar la tecnología LiDAR móvil como una tecnología madura con aplicaciones 
emergentes para las agencias de transporte (Capítulos 4-8). 
(2) Diseñar y llevar a cabo experimentos para caracterizar y evaluar diferentes tipos de 
sensores apoyados en plataformas móviles. Cuantificar las exactitudes relativa y 
absoluta y evaluar el desalineamiento entre los cabezales láser. 
(3) Definir métodos de documentación para infraestructuras a través de sensores no 
destructivos integrados en la unidad de mapeo móvil. Integración con otros 
sensores externos tales como el radar de penetración terrestre (GPR) o el LiDAR 
terrestre fijo (Capítulo 8). En particular: 
2.1. Desarrollar una metodología que calcule espesores de capas de pavimentos y 
volúmenes basada en datos MLS (Capítulo 4). 
2.2. Presentar un método que segmente automáticamente los pasos elevados y 
detecte eflorescencias en ellos (Capítulo 5). 
2.3. Presentar un método que detecte deformaciones en pasos inferiores de 
autovía en nubes de puntos MLS repetidas (Capítulo 6). 
2.4. Implementar una metodología para detectar luminarias en túneles carreteros 
basada en datos MLS (Capítulo 7). 
(4) Desarrollar una cantidad de algoritmos geométricos/radiométricos necesarios para 
automatizar la extracción de atributos en infraestructuras y para evaluar la 
exactitud/confiabilidad de los resultados extraídos (Capítulos 4-7). 
Otros objetivos de esta investigación que pueden ser resueltos de manera implícita son: 
(5) Promover la cooperación y la transferencia de conocimiento entre las compañías de 
la construcción, agencias de transporte y centros de investigación. 
(6) Disminuir el coste económico derivado del mantenimiento de infraestructuras en el 
territorio nacional y aumentar su seguridad. 
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(7) Identificar requerimientos de mantenimiento en las infraestructuras, prestando 
atención a cuestiones de seguridad vial, cuestiones económicas y en el desarrollo de 
guías y estrategias para un mantenimiento adecuado. 
1.3. ORGANIZACIÓN DE LA TESIS 
Esta tesis doctoral se presenta como un compendio de artículos científicos publicados en 
revistas científicas del ámbito internacional. Una serie de siete publicaciones constituye la 
estructura de esta investigación: seis de ella publicadas en revistas internacionales incluídas 
en el Journal Citation Reports (JCR) y un artículo publicado en una revista con revisión por 
pares anónimos indexada en Ulrich’s Periodicals. 
Según las regulaciones académicas establecidas en la Universidad de Vigo para la 
presentación de tesis doctorales por compendio de artículos de investigación, se requiere una 
introducción que dote de coherencia temática a dicha investigación, con una justificación 
razonada de la presencia de cada artículo. 
El Capítulo 1 es el capítulo introductorio de esta tesis. Proporciona una visión de conjunto
de la investigación presentada y describe el ámbito global del problema y los objetivos 
perseguidos. Los capítulos Discusión General y Conclusiones Generales (Capítulos 9 y 10
respectivamente) resumen las contribuciones y proponen líneas de investigación futuras. Los 
siete capítulos entre los capítulos de Introducción y Discusión General  describen en detalle 
los objetivos perseguidos y las contribuciones correspondientes. 
Una breve descripción de estos capítulos, que se agrupan en tres secciones principales, se 
presenta a continuación. 
SECCIÓN 1: ESTADO DEL ARTE EN SISTEMAS LIDAR MÓVIL 
TERRESTRES 
Pese a que la mayoría de las compañías líder mundiales en el desarrollo y producción de 
instrumentos LiDAR y de imagen han ya publicado una cantidad de nuevos y mejorados 
sistemas MLS, la mayoría consta de estos cinco componentes: (1) una plataforma móvil; (2) 
el hardware de posicionamiento (receptor GNSS, Unidad de Medición Inercial (IMU) e 
Instrumento de Medición de Distancia (DMI)); (3) láser escáneres 2D/3D; (4) Grabación de 
video o fotografías y (5) ordenador y almacenamiento de datos. 
En este Capítulo 2 denominado “Revisión de tecnologías de mapeo e inspección 
móviles”, comparé y contrasté siete sistemas LiDAR móvil producidos comercialmente, a
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nombrar el Road Scanner de Siteco, el IP-S2 de Topcon, el MX8 de Trimble, el StreetMapper 
Portable de 3D Laser Mapping Ltd. & IGI mbH, el VMX-250 de Riegl, el sistema Dynascan 
de MDL Laser systems y el Lynx Mobile Mapper de Optech Inc. 
Además, revisé un amplio campo de literatura disponible para describir los dispositivos de 
posicionamiento, escaneado e imagen integrados en estos sistemas. Este capítulo concluye 
con dos categorías en las cuales los sistemas móviles de escaneado láser pueden dividirse: 
mapeo e inspección, dependiendo de su propósito final y los requerimientos de exactitud, 
alcance y resolución. 
Se ha publicado un artículo bajo el mismo nombre que este capítulo 2 en la revista 
internacional Measurement, indexada en ISI (JCR) y posicionada 19º de un total de 87 revistas 
en la categoría Ingeniería Multidisciplinar, en la cual se clasifica esta revista. 
SECCIÓN 2: EVALUACIÓN DE LA EXACTITUD DE LOS DATOS LIDAR 
MÓVIL  
El Capítulo 3 titulado “Verificación de la exactitud del sistema Lynx Mobile Mapper”
cubre un conjunto de diferentes experimentos para la caracterización y evaluación de 
cualquier sistema móvil de escaneado láser con dos escáneres LiDAR. Este capítulo presenta 
los resultados experimentales para analizar tanto las exactitudes relativa y absoluta como para 
evaluar el alineamiento de boresight en los sistemas MLS, ejemplificado en el sistema Lynx 
Mobile Mapper de Optech Inc. Este capítulo 3 está publicado como un artículo 
independiente denominado “Verificación de la exactitud del sistema Lynx Mobile Mapper” en la 
revista internacional “Optics and Laser Technology”, la cual está indexada en ISI (JCR) y ocupa 
el puesto 29 de 82 revistas clasificadas en la categoría Óptica. 
SECCIÓN 3: APLICACIONES GEOMÁTICAS EN LA INVESTIGACIÓN Y 
DOCUMENTACIÓN DE INFRAESTRUCTURAS DE TRANSPORTE 
Los capítulos del 4 al 8 presentan una colección de casos de estudio que muestran una clara 
descripción de las ventajas de la tecnología LiDAR móvil en el campo de la ingeniería civil, 
incorporando un aumento en seguridad vial y eficiencia. Las técnicas LiDAR terrestre y GPR 
se incluyen en estos capítulos en menor medida. También, se analiza la implementación de 
métodos automatizados para la extracción de diferentes parámetros y atributos geométricos 
clave que se necesitan durante las inspecciones. 
El alcance de esta investigación incluye pavimentos (Capítulo 4), pasos elevados (Capítulo 5) 
y pasos inferiores (Capítulo 6), túneles (Capítulo 7) y puentes (Capítulo 8). 
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El Capítulo 4: “Validación de los sistemas LiDAR móvil para la caracterización de 
firmes en carreteras” presenta una nueva metodología para modelar la geometría 3D del 
pavimento en autovías de nueva construcción. El método LiDAR móvil sugiere una 
alternativa a la técnica predominante del radar de penetración terrestre (GPR), que ha 
sido tradicionalmente utilizada para medir los espesores de pavimentos en configuración 
ground-coupled. También aborda los algoritmos para calcular el espesor y volumen de estas 
capas de pavimento a partir de conjuntos de datos LiDAR de alta densidad. Presenta los 
resultados de los experimentos en campo para validar la confiabilidad del método 
implementado. Por último, este capítulo busca asistir a los ingenieros en la monitorización 
del comportamiento de los pavimentos y estimar con exactitud las reparaciones cuando se 
necesiten. 
Esta metodología se ha presentado en un artículo que se denomina “Validación de los sistemas 
LiDAR móvil para la caracterización de firmes en carreteras”, publicado en NDT& E International, 
una revista internacional que ocupa el tercer lugar entre un total de 33 revistas clasificadas en 
la categoría Ciencia de los Materiales, Caracterización y Ensayos. 
El  Capítulo 5 titulado “Segmentación automática de pasos elevados y detección de 
eflorescencias empleando datos LiDAR móvil” describe el desarrollo e implementación
de un innovador flujo de trabajo para automatizar el proceso de detección de eflorescencias 
en pasos elevados utilizando la información geométrica y radiométrica de los datos LiDAR 
móvil. Desarrolla mis implementaciones en tres grupos de algoritmos: (1) Un algoritmo de 
reducción de datos basado en la normalización de la nube de puntos, y filtros radial y de 
vegetación; (2) Algoritmos de segmentación y clasificación para separar los pasos elevados 
de los datos de pavimento; (3) Un algoritmo para la clasificación de eflorescencias en 
morteros. Finalmente, ensaya la metodología utilizando escaneos 3D LiDAR del Puente 
Nuevo de Ourense. 
El flujo de trabajo presentado en el capítulo 5 está ya publicado como un artículo de revista 
bajo el título de “Segmentación automática de pasos elevados y detección de eflorescencias empleando datos 
LiDAR móvil”, en la revista internacional Optics and Laser Technology, que está indexada en ISI 
(JCR) y clasificada en el puesto 29 de las 82 revistas en la categoría Óptica. 
Como parte del proceso constructivo de cualquier autovía, se construye una extensa red de 
drenajes y pasos inferiores para el paso de animales salvajes, personas y maquinaria. Los 
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camiones y los rodillos se utilizan posteriormente para rellenar las zanjas y compactar los 
pavimentos, respectivamente. Pero el uso de estas máquinas puede emitir vibraciones 
localizadas que afectan a las estructuras del entorno. Además, los pasos inferiores sufrirán un 
importante estrés mecánico cuando los movimientos de tierra comiencen a cubrirlos y en 
consecuencia, tendrán que ser monitorizados de cerca por el equipo del proyecto. El siguiente 
Capítulo 6, denominado “Monitorización de deformaciones en pasos inferiores de 
autovía empleando datos LiDAR”, presenta un proceso semi-automático para determinar 
las deformaciones geométricas entre las dovelas de un paso inferior seleccionado tras su 
proceso de relleno. También describe los algoritmos empleados y los resultados de campo 
para la validación del método. 
Los resultados obtenidos en este capítulo han sido mostrados en una publicación científica 
titulada “Monitorización de deformaciones en pasos inferiores de autovía empleando datos LiDAR”, 
publicada en la revista International International Archives of Photogrammetry, Remote Sensing and 
Spatial Information Sciences, indexada en Ulrich’s Periodicals. La revista antes mencionada es 
una serie de libros de actas de congreso con revisión anónima por pares publicada por la 
Sociedad Internacional de Fotogrametría y Teledetección (ISPRS). 
El uso creciente de las estructuras subterráneas con fines de transporte ha motivado la 
necesidad de mejorar la productividad de las inspecciones rutinarias y los procesos de 
mantenimiento para su óptimo uso. Hablando en líneas generales, hay ciertos factores que 
aumentan el riesgo en los túneles carreteros, tales como una distancia de visión limitada o 
grandes diferencias en la iluminación a su entrada y salida. Por tanto, éstos se consideran 
ambientes complejos, en donde además, una serie de elementos como tuberías de ventilación, 
salidas de emergencia, drenajes o iluminación están presentes en la escena. 
El ámbito de este capítulo está limitado a las luminarias. Como se mencionó antes, juegan 
un papel crítico en los túneles porque se necesita un ambiente visual bueno para asegurar el 
confort y la seguridad vial de los conductores. Además, son los principales consumidores de 
energía así que localizar el sistema de iluminación se convierte en el primer paso para una 
monitorización del control de calidad y ahorro de gastos innecesarios. 
En este sentido, el Capítulo 7 titulado “Segmentación automática de luminarias en 
túneles carreteros utilizando un sistema LiDAR móvil” proporciona un método 
automático para la detección del sistema de iluminación dentro del túnel. El capítulo describe 
la implementación de los algoritmos en nubes de puntos 3D coloreadas. Para garantizar el 
éxito de este procedimiento,  los expertos deberán asegurarse de que todas las luminarias 
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estén en funcionamiento durante la primera toma de datos. Bajo esta premisa, y sabiendo las 
distancias fijas entre cada luminaria, el algoritmo podrá detectar en sucesivas inspecciones si 
una luminaria continúa funcionando o está apagada/dañada. 
Se ha publicado un artículo con esta metodología, bajo el mismo nombre que este capítulo 
7, en la revista internacional Measurement, indexada en ISI (JCR) y que ocupa el puesto 19 de 
las 87 revistas incluidas en la categoría Ingeniería Multidisciplinar, en la cual se engloba esta 
revista. 
Por último, el Capítulo 8: “Documentación y evaluación del Puente Romano de Lugo 
mediante TND, utilizando georradar y LiDAR móvil estático” se centra en la 
integración de diferentes tecnologías de ensayo no destructivas (TND) para la inspección y 
la documentación as-built en 3D del anteriormente mencionado puente de arco de fábrica. 
Este último, localizado en la región noreste de Galicia (España) requiere diagnósticos 
continuos debido a sus múltiples restauraciones sufridas y su heterogeneidad en la 
composición externa de la mampostería, que puede afectar al refuerzo estructural en 
términos de durabilidad y fortaleza. 
Este capítulo discute una solución basada en dos técnicas geomáticas en particular — (1) 
dispositivos LiDAR móvil y estático, ambos integrados con cámara digitales, para analizar el 
exterior del puente; y (2)  radar de penetración terrestre (GPR) para la caracterización de su 
mampostería interna — utilizando la fusión de datos para eliminar las desventajas asociadas 
con cada técnica por separado. Su análisis en conjunto puede beneficiar verdaderamente la 
inspección de puentes de mampostería en arco. 
La metodología utilizada y los resultados presentados en el capítulo 8 han sido publicados en 
la revista internacional Journal of Performance of Constructed Facilities, que intenta mejorar la 
calidad de los productos construidos a través de la comunicación interdisciplinar. Este 
artículo, indexado en ISI (JCR), está clasificado en 87º lugar entre un total de 124 revistas 
asignadas en la categoría Ingeniería Civil. 
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DISCUSIÓN GENERAL DE RESULTADOS
Las infraestructuras de transporte comienzan a deteriorarse desde el momento en que se 
construyen. Existen múltiples agentes como el elevado tránsito de tráfico, la climatología 
adversa, la contaminación atmosférica o el vandalismo que pueden afectar significativamente 
su capacidad estructural. Este es el motivo por el cual la monitorización durante y después 
de los trabajos constructivos es tan útil. En este sentido, los sistemas de gestión de 
infraestructuras deben proporcionar información actualizada sobre el estado y uso de éstas 
con el fin de su monitorización. 
Sin embargo, hay una clara necesidad de automatización a este respecto. Por tanto, se 
necesitan desarrollar estrategias que automaticen las inspecciones. En consecuencia, esta 
investigación plantea el desarrollo de nuevas metodologías basadas en técnicas geomáticas 
no destructivas que puedan beneficiar la inspección y mantenimiento de infraestructuras. 
Esta tesis doctoral aborda este problema específico introduciendo los sistemas láser móvil 
en el campo de  la Arquitectura, Ingeniería y Construcción (AIC). Estos sistemas, como se 
analiza a continuación, constituyen en la actualidad una de las principales novedades en el 
ámbito de la Geomática. 
En este capítulo 9, se presentan y analizan las principales aportaciones de esta tesis. Las 
exposiciones se presentan en tres secciones, siguiendo la estructura organizativa de la tesis. 
ESTADO DEL ARTE EN SISTEMAS LÁSER MÓVIL 
La Geomática puede mejorar la gestión de los recursos geoespaciales e infraestructuras 
globales. Esta disciplina ha evolucionado rápidamente y actualmente lleva a cabo 
investigación en el posicionamiento, mapeo y monitorización de los entornos naturales y 
edificaciones. La última tendencia en técnicas geomáticas apunta hacia el mobile surveying, 
en donde una colección de nubes de puntos 3D precisas son adquiridas por sistemas láser 
escáner apoyados en plataformas móviles. Esta tecnología ofrece un sinfín de posibilidades 
que la hacen adecuada para la inspección de infraestructuras. 
Una amplia revisión de los sistemas láser móvil existentes en el mercado constituye el punto 
de partida de esta tesis doctoral. Sus contenidos incluyen una descripción de las tecnologías 
involucradas, una revisión de siete sistemas láser móvil disponibles en el mercado en 2012 y 
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una discusión de sus características técnicas y limitaciones. Desafortunadamente, está 
revisión está desactualizada en la actualidad. Los parámetros de los láser escáner y sistemas 
de navegación están mejorando muy rápido, como resultado de los avances tecnológicos. 
Por ejemplo, RIEGL ha lanzado recientemente sus nuevos sistemas, el VMX-450 y el 
VMZ mientras que OPTECH presentó el Lynx SG1 Mobile Mapper en Junio de 2013. 
En cualquier caso, la comparación evaluaba de manera exhaustiva los rendimientos y 
fortalezas de los diferentes sistemas lidar móvil más vanguardistas en base a sus aspectos 
importantes: método de medición de distancia, exactitud de las medidas de posición y 
orientación, ratio de repetición de pulsos, etc. Nuevas conclusiones derivadas de esta 
revisión identificaron sistemas que eran ideales para aplicaciones cartográficas de mapeo 
(p.ej. SIG) frente a otros más adecuados para inspección de infraestructuras, necesarios 
después para fines ingenieriles y de control. Los requerimientos de exactitud para los datos 
de mapeo y los de inspección cambian considerablemente, así que cada especificación del 
escáner debe tenerse en cuenta para obtener la mejor solución en relación a la aplicación 
prevista. 
Por ejemplo, el sistema TOPCON IP-S2 ha sido utilizado para proporcionar vistas 
panorámicas a lo largo de muchas calles en el mundo (en la aplicación GOOGLE 
STREETVIEW), pero no satisface los requerimientos para una actividad de inspección ni 
aplicaciones tales como monitorización ambientales o de minería debido a su limitado 
alcance (30 m). Para estas aplicaciones, un sistema como el escáner DYNASCAN de MDL 
podría ser más útil. Éste tiene una precisión menor (±5 cm) pero permite proyectos de 
mapeo 3D a gran escala porque es capaz de medir grandes distancias hasta 500 m. 
Por otra parte, los sistemas de OPTECH y RIEGL mostraron las mejores especificaciones 
disponibles en el mercado. TRIMBLE MX8 o STREETMAPPER  demostraron también 
características óptimas para aplicaciones tales como la inspección rodoviaria,  aunque eran 
ligeramente inferiores que las antedichas. 
Otros parámetros importantes relativos a estos sistemas son los siguientes: 
(1) Portabilidad del sistema: es un factor clave para un número de aplicaciones, 
incluyendo carreteras, vías de ferrocarril, minería o inspecciones en barco, en donde 
todas ellas deben gestionarse por el mismo sistema. Los sistemas TOPCON y MDL 
fueron los más portables de entre todos. 
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(2) Densidad de puntos alcanzable, que varía significativamente dependiendo del ratio 
de repetición de pulsos láser (PRR) del escáner, la frecuencia del escaneo ( o líneas 
por segundo, LPS), la distancia de medición (r) y la velocidad del vehículo (v). 
Los sistemas MLS han mostrado su potencial en áreas de aplicaciones diversas, 
proporcionando alta productividad y seguridad para los peritos. Están ganando con el tiempo 
una aceptación generalizada y debido al progreso continuo de la tecnología de mapeo 
móvil, se espera que su potencial esté asegurado. Para una completa y discusión en mayor 
profundidad, remito a los lectores al capítulo 2. 
EVALUACIÓN DE LA EXACTITUD DE LOS DATOS LIDAR MÓVIL 
Los datos errados pueden conducir a conclusiones imprecisas y decisiones equivocadas de 
los usuarios finales. Este hecho causa una demanda creciente que reclama datos de elevada 
exactitud adquiridos por sistemas terrestres de escaneado láser móvil (MLS). A pesar de que 
las especificaciones son proporcionadas por los fabricantes de los sistemas LiDAR, éstas 
son normalmente difíciles de alcanzar en condiciones reales. Además, para una explotación 
eficiente y efectiva de las nubes de puntos de láser escáner, es necesario evaluar su 
exactitud. En este sentido, varios estudios que estudian la exactitud de los datos tanto en 
LiDAR aéreo como móvil han sido publicados con anterioridad (Barber et al., 2008; 
Glennie and Lichti, 2010; Ussyshkin and Smith, 2007). 
Además de los estudios descritos antes, se llevaron a cabo una serie de experimentos de 
campo controlados para validar la exactitud del sistema Lynx Mobile Mapper, que es la 
unidad móvil empleada para la adquisición de datos en esta investigación. El objetivo final 
era comparar las especificaciones dadas por los fabricantes con su comportamiento real. 
Para evaluar la exactitud relativa del sistema de escaneo LiDAR móvil, se compararon los 
datos de escaneos repetidos. Un patrón de calibración métrica con esferas se utilizó con este 
fin. En concreto, se tomaron veinte escaneos de este patrón a lo largo de la trayectoria 
seleccionada en dos días diferentes y diferentes posiciones del patrón (X— dirección de 
avance del vehículo, Y— direcciones perpendicular al avance y horizontal y Z— direcciones 
perpendicular al avance y vertical). Únicamente las esferas del patrón de calibración fueron 
identificadas en cada conjunto de datos a lo largo de la trayectoria. 
Se evaluaron las coordenadas de los centros de cada esfera utilizando un algoritmo de ajuste 
por mínimos cuadrados implementado en el software Matlab. Se calcularon las distancias 
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entre los centros de cada esfera (d1-2, d1-3, d1-4 y d1-5). La diferencia entre los resultados 
de estas longitudes d1-i y aquellos obtenidos mediante la máquina de medición por 
coordenadas LSS fue luego calculada para proporcionar una indicación general de la 
exactitud esfera-esfera.  Los resultados mostraron valores que fueron menores a 10 mm y 
en la mayoría de los casos, menores de 5 mm. No se encontró correlación entre la distancia 
entre esferas y la exactitud. Tampoco existe una correlación entre la exactitud y la 
orientación del patrón de calibración. 
Cada vez que los cabezales LiDAR se instalan o se mueven en la vaca del vehículo del sistema 
Lynx, pueden ocurrir pequeños cambios en el alineamiento, requiriendo estudios de campo 
de los parámetros de calibración del boresight. 
La mejor manera para calibrar el sistema Lynx es corrigiendo los parámetros del heading, 
pitch y roll en este orden. Esta tarea se realiza manualmente y los resultados pueden 
calcular a un nivel de exactitud aceptable. El siguiente test fue utilizado para evaluar la 
exactitud del boresight. 
Los centros de esferas fueron medidos independientemente por los sensores LiDAR A y B. 
Entonces, se midieron las diferencias entre los centros, medidos por cada uno de los 
sensores (exactitud  del boresighting). 
De nuevo, no había una clara correlación entre la exactitud y la orientación del patrón. De 
algún modo, apareció una clara diferencia (1-4cm) entras las mediciones tomadas desde los 
sensores A y B, que podrían provenir de una descalibración del sistema. 
Por último, la exactitud absoluta evalúa la confiabilidad del LiDAR móvil en la medición bajo 
sistemas globales de coordenadas. Esta exactitud absoluta está dominada por la calidad de la 
solución GNSS. Los resultados demostraron que bajo buenas condiciones (PDOP< 2.5), los 
valores de exactitud en las coordenadas X, Y (coordenadas de posición) y Z (elevación) 
estaban todas bajo 2 y 2,5 cm respectivamente. Sin embargo, una vez que el PDOP comenzó 
a aumentar (PDOP>4), los errores también aumentaban. Así fue para el caso de los strips 7-
16, en donde los valores máximos fueron 10 cm para la coordenada X, 25 cm para Y y 30 
cm para la coordenada Z. Es importante remarcar que las alturas GPS tienden a no ser tan 
exactas como  las posiciones horizontales GPS. 
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APLICACIONES GEOMÁTICAS EN LA INVESTIGACIÓN Y 
DOCUMENTACIÓN DE INFRAESTRUCTURAS DE TRANSPORTE 
La investigación presentada en esta Sección 3 desarrolló metodologías que apoyaron la 
generación de algoritmos para la extracción de atributos clave en la inspección de 
infraestructuras a partir de nubes de puntos de láser escáner. Durante este estudio, identifiqué 
algunas limitaciones de acercamientos anteriores para definir mejor las nuevas contribuciones 
de la presente tesis. Los métodos desarrollados automatizan los procesos de identificación 
de valores útiles durante los trabajos de inspección y mantenimiento. Sin embargo, a pesar 
de estas automatizaciones, los usuarios todavía necesitan seleccionar manualmente algunos 
parámetros. La efectividad y limitaciones de los algoritmos desarrollados se demostraron en 
condiciones de campo reales, agrupadas en tres categorías: (1) pavimentos, (2) pasos elevados 
y puentes históricos y (3) pasos inferiores y túneles. 
PAVIMENTOS 
Los pavimentos son elementos fundamentales en la infraestructura de carreteras. Tienen 
una expectativa de vida entre 10-20 años. Pequeñas grietas, infiltración de aguas o cargas de 
tráfico pesado pueden debilitar considerablemente el pavimento (Applied Geotechnologies, 
2014). Una vez que se ha alcanzado la condición de fallo, los inspectores buscan las 
opciones de rehabilitación o reconstrucción. Estas últimas pueden lograrse reforzando el 
pavimento por revestimiento con asfalto o a través de su reconstrucción total.  Esta opción 
implica la eliminación de capas de pavimento existentes y la reconstrucción del pavimento 
después. 
La investigación de la literatura en este específico tema indica que, hasta ahora, la medición 
de las capas de pavimento fue exclusivamente abarcada por la tecnología GPR (Gordon et 
al., 2006; Loizos and Plati, 2006; Saarenketo and Scullion, 2000). Sin embargo, todavía se 
echa en falta un algoritmo para calcular en un modo automático los espesores y volúmenes 
de capas de pavimento. Por consiguiente, un método no destructivo basado en LiDAR 
móvil se presentó en el Capítulo 4. El algoritmo usó funciones de interpolación para datos 
dispersos (x, y, z) para crear una superficie 3D a medida para cada nube de puntos de 
pavimento. Luego, se calcularon las diferencias en los valores de z para dos capas de 
pavimento y se estimó el espesor. Para el cálculo del volumen, se necesitó una malla 
rectangular superpuesta sobre ambas capas, siendo la resolución espacial de está un 
parámetro definido por el usuario. 
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Para validar los resultados experimentales, se realizó una comparación con los datos GPR. 
Se obtuvieron un total de dos perfiles GPR de 10 m de longitud y se registraron de manera 
precisa a las capas LiDAR utilizando las posiciones de los puntos de control. Sólo se 
analizaron los espesores de las capas intermedia y base. Los errores absolutos, calculados 
como la diferencia entre los datos LiDAR y GPR (verdad terreno) fueron siempre menores 
a  1,5 cm. El porcentaje de error medio fue de 9% como máximo. Estos errores pueden 
depender de la precisión en la medida de distancia de los escáneres u otras fuentes de error 
relacionadas estrechamente con el GPR o procedimientos de registro. 
PASOS ELEVADOS Y PUENTES HISTÓRICOS 
Los puentes están entre las infraestructuras de transporte por carretera más complejas y 
costosas. Hoy en día, debido a las consecuencias de la crisis económica, una de las principales 
tareas en ingeniería es el mantenimiento de las infraestructuras existentes para prevenir su 
rápido deterioro y mantenerlas operativas de acuerdo a los flujos de tráfico crecientes y los 
requerimientos de seguridad actuales. En la mayoría de los casos, la rehabilitación de por 
ejemplo, un puente, es con creces más cara que su mantenimiento. 
Existen diferentes tipos de inspecciones de puentes: básica, principal o especial (Santos et 
al., 2007). Cada inspección es única, aunque en líneas generales, el proceso puede 
considerarse como tedioso, repetitivo y subjetivo. Por lo tanto, habiendo identificado 
algunas limitaciones de este enfoque de inspección, se implementaron nuevas metodologías 
en los Capítulos 5 y 8 para abordarlas. 
La metodología presentada en el Capítulo 5 consta de un algoritmo en 3 etapas para la 
extracción de eflorescencias en ciertas áreas de los pasos elevados a partir de datos LiDAR 
móvil. El primer bloque de algoritmos está centrado en la optimización de la nube de puntos, 
el segundo en la clasificación automática de los pasos elevados y un tercero en la detección 
de las eflorescencias (Fig. 6 del capítulo 5). 
En el primer bloque, los datos de la trayectoria se normalizaron a 80 km/h para evitar datos 
repetidos, recogidos por ejemplo durante un atasco de tráfico donde la unidad móvil está 
parada. Se estableció una distancia de 0,11 m entre puntos (para una frecuencia de 
adquisición GPS de 200 Hz) y los puntos intermedios fueron eliminados. Puesto que la nube 
de puntos está referencia en tiempo con la trayectoria, el volumen de datos se redujo 
aproximadamente al 55% aunque la resolución espacial continua siendo suficientemente 
elevada para el objetivo de este capítulo. 
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A continuación, el rango se limitó a 30 m, donde se espera que estén los pasos elevados. Este 
filtrado es también muy rápido, puesto que la tabla con los datos LiDAR almacena el rango 
directamente y no requiere un cálculo intermedio. La nube de puntos se redujo al 16,7 %. 
Finalmente, un filtro de vegetación eliminó todos los puntos que devolvían una señal multi-
eco y también los puntos vecinos dentro de una esfera de 5 cm.  Los datos se redujeron en 
un 9,3%. La reducción es pequeña, aunque el filtro parece ser muy útil en áreas donde la 
cubierta vegetal es más representativa. 
Un enfoque basado en el ángulo del LiDAR se utilizó para lograr la segmentación y 
clasificación de los pasos elevados. Una representación gráfica del ángulo de escaneado láser 
frente a la distancia recorrida por el vehículo se utilizó para establecer el umbral angular entre 
182º y 360º, aunque entre estos ángulos hay algo de vegetación o señales de tráfico 
identificadas como estructuras. Para evitar este problema, se implementa una segunda 
segmentación, en donde los datos segmentados corresponden sólo a la parte central de la 
estructura, utilizando una franja angular vertical de los sensores LiDAR de 6º. 
La clasificación es ahora posible utilizando los valores de marca de tiempo para los datos 
antes segmentados (franja LiDAR vertical de 6º). Estos constituirán los centroides iniciales 
requeridos para el algoritmo K-means, un método de clasificación no supervisada que 
interactivamente divide el rango de valores en grupos (Cheung, 2003). Una vez que finalice 
el agrupamiento, podrán obtenerse los valores máximo, mínimo y promedio de cada clase.  
Estos algoritmos son capaces de clasificar los pasos elevados bajo un enfoque semi-
automático, dado que algunos parámetros continúan inevitablemente definidos por el 
usuario. Esta observación muestra la flexibilidad del método desarrollado, permitiendo el 
refinamiento de los parámetros.  Los inspectores que trabajan en las actuales inspecciones de 
puentes podrían beneficiarse de esta metodología, recopilando datos 3D a partir de láser 
escáneres de cada uno de estos pasos elevados clasificados después de su inspección con la 
unidad MLS. 
Además, un método complementario puede beneficiar a los usuarios para detectar 
eflorescencias. En materiales de construcción porosos, esta cristalización a partir de sales 
hidratadas expuestas al aire puede en ocasiones indicar debilidades estructurales serias, 
aunque en la mayoría de las veces sólo se trata de un problema estético. Se conoce a partir 
de trabajos previos que las eflorescencias y la humedad proporcionan una reflexión del haz 
de luz más baja que la del hormigón y los mampuestos (Wang et al., 2012). Por tanto, la 
solución para la detección automática de eflorescencias se implementa teniendo en 
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consideración un umbral del valor de intensidad. Es importante ejecutar la extracción previa 
de los datos de pavimento porque su respuesta de intensidad es similar a la de las 
eflorescencias y puede dar lugar a falsos positivos. 
Los resultados obtenidos a partir de esta metodología muestran una clara diferencia en el 
comportamiento radiométrico de la mampostería, especialmente para aquellos bloques con 
un elevado contenido en humedad. Por tanto, los datos concordaban con la situación real 
del puente y la interpretación realizada por los expertos. En este sentido, se ha demostrado 
una nueva aplicación para el escaneado láser móvil, que probablemente pronto se convertirá 
en una herramienta necesaria para las investigaciones del estado de conservación y la 
elaboración de mapas temáticos de daños. 
En relación a la inspección de puentes, existen contenidos críticos sobre su mampostería 
interna que no fueron incorporados en la metodología desarrollada anteriormente. En 
particular, para puentes de arco históricos que todavía soportan cargas pesadas de tráfico, es 
imperativo caracterizar su relleno interno sobre las bóvedas puesto que es responsable de la 
estabilidad  de estas estructuras de arco.  De esta manera, los profesionales de los puentes 
utilizan la tecnología GPR como el único medio no destructivo para caracterizar y obtener 
datos cuantificables de los materiales constructivos internos. Por otro lado, los sistemas 
LiDAR integrados con cámaras digitales pueden proporcionar información radiométrica útil 
de los materiales exteriores.  
Como consecuencia, en el Capítulo 8, el objetivo fue desarrollar una metodología integrada 
fusionando ambas técnicas para minimizar las desventajas relativas a cada una de ellas de 
manera individual. Además, se utilizó un sistema LiDAR terrestre fijo para proporcionar 
detalles geométricos de aquellas partes de la estructura que no pueden ser medidas con el 
vehículo de inspección. 
Los productos derivados del LiDAR incluían orto imágenes de las vistas en alzado del puente, 
conjuntos personalizados de secciones horizontales y transversales o modelos digitales 3D 
foto texturizados, siendo todos ellos potentes herramientas de visualización. Además, y 
basados en el modelo 3D proporcionado por los sistemas LiDAR, varios análisis podrían 
extraerse, incluyendo análisis morfométricos de los arcos del puente o evaluación de la 
simetría del vano. 
Los resultados GPR indicaron la gran heterogeneidad en el relleno y los materiales 
constructivos. En realidad, esto está corroborado por el hecho de que sólo algunos arcos 
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fueron fácilmente interpretados a partir de los datos GPR adquiridos; para los otros, la señal 
radar estaba parcialmente o en su totalidad atenuada. 
Mientras tanto, la señal observada para los arcos 1, 2 y 8 (véase la figura 4 del capítulo 8) 
podría estar atenuada debido al uso de un relleno conductivo próximo, muy probablemente 
compuesto de un medio esquistoso, arcilla o suelo cemento, utilizado para nivelar la 
superficie de la carretera del puente. Esta interpretación está respaldada por otros autores 
(Daniels, 2004), que informaron que el medio granítico tiene una menor constante dieléctrica 
y mayor velocidad de propagación que el medio esquistoso. Este último tiene mayor 
conductividad dieléctrica y por tanto, mayor atenuación de la señal electromagnética. 
PASOS INFERIORES Y TÚNELES 
Como en el caso de los puentes, los túneles son también infraestructuras de transporte por 
carretera costosas. Su construcción requiere estudios geotécnicos previos y el uso de 
máquinas tuneladoras o explosivos, que en definitiva aumentan su coste. Por lo tanto, sus 
inspecciones son críticas para mantenerlos operativos el mayor tiempo posible. 
En los siguientes Capítulos 6 y 7, se presentan dos casos de estudio diferentes de túneles: 
(1) un paso inferior que está siendo construido y (2) un túnel existente. Los trabajos de 
inspección y prioridades son diferentes: en el primer caso, la máxima preocupación reside 
en monitorizar el paso inferior durante los trabajos de construcción mientras que en un 
túnel operativo, las inspecciones rutinarias estarán centradas en el mantenimiento de las 
instalaciones ya construidas.  Sin embargo, en ambos casos, los trabajos de inspección se 
realizan de modo manual. Además, las inspecciones en túneles se realizan normalmente 
durante la noche para minimizar la interrupción del flujo de tráfico. Así que para superar 
esas desventajas, ambos capítulos presentan metodologías que proponen inspecciones 
innovadoras en túneles. 
El caso de estudio realizado en el Capítulo 6 demostró las posibilidades de monitorización 
del método propuesto, basado en datos MLS y algoritmos de post procesamiento en 3D. 
Normalmente, el colapso de una gran infraestructura estará precedido por pequeñas 
deformaciones o daños en la construcción. Es por ello que su monitorización es tan 
importante. 
El área seleccionada para la detección de cambios se localizaba alrededor de las juntas entre 
dovelas, en la parte más alta del paso inferior. Las juntas permiten pequeñas dilataciones del 
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paso inferior cuando éste está sometido a trabajos constructivos o a procesos de relleno 
y por consiguiente, son donde se esperan las mayores deformaciones. 
El método semi-automático requirió primero de la adquisición de dos nubes de puntos 3D 
de la estructura, antes y después de los movimientos de tierra. Utilizando las coordenadas de 
las dianas de control, ambos conjuntos de datos se registraron en un mismo sistema de 
referencia local. Luego, se aplicaron dos algoritmos: (1) algoritmos de ajuste de superficies 
para evaluar los residuos de ambos escaneos, siendo las diferencias entre estos residuos el 
input para el mapa de deformaciones. (2) Algoritmos que crean perfiles longitudinales y 
evalúan las alturas de escalón entre el inicio y el fin. 
Los resultados obtenidos con este método mostraron que la máxima deformación fue de 5 
mm. Desafortunadamente, estas deformaciones no fueron medidas con otras técnicas de 
medida, tales como las estaciones totales debido a restricciones temporales (el relleno se 
prolongó durante 10 días) y de localización. Por tanto, fue imposible validar la metodología 
y los resultados, aun cuando éstos estaban bajo las tolerancias predichas. 
Las instalaciones de los túneles se inspeccionan periódicamente siguiendo las leyes existentes 
y regulaciones. En el Capítulo 7, un método automático para la detección del sistema de 
luminarias se implementó basado en datos MLS coloreados. Como se enunció en el capítulo 
introductorio, las luminarias desarrollan un papel crítico en términos de seguridad y consumo 
energético. Sin embargo, su inspección es manual y lleva tiempo, lo cual motiva esta 
investigación. 
En primer lugar, el algoritmo filtró el conjunto de datos en función de las alturas y a 
continuación, clasificó la nube de puntos como luminarias utilizando un umbral de color 
RGB definido por el usuario. Los datos coloreados del túnel resultaron en una distribución 
bimodal, con dos picos de aproximadamente 7,7 (el entorno) y 255 (luminarias) en una escala 
de 8 bits. Dado que la diferencia es suficientemente grande, el umbral para la detección de 
luminarias se estableció en un valor cualquiera dentro del rango 150-220. 
Las etapas finales se ejecutaron para mejorar la segmentación previa de las luminarias y 
calcular más tarde sus centroides. Las luminarias aparecían alargadas debido a los errores 
por el desenfoque de movimiento. Este problema fue corregido en base a los valores 
conocidos de la velocidad del vehículo y la velocidad del obturador de la cámara. 
Alternativamente, si se seleccionase una velocidad del obturador más elevada (1/250 s o 
1/500 s), el tiempo transcurrido desde el momento en que el obturador abre hasta que cierra 
sería menor y la elongación insignificante. 
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Los resultados de esta metodología se validaron proyectando las luminarias detectadas en las 
nubes de puntos originales, y comparándolas con las mediciones realizadas en software 3D 
de ingeniería inversa. El algoritmo demostró su éxito, reconociendo 62 de un total de 64 
luminarias. Ambas luminarias no detectadas estaban apagadas. 
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CONCLUSIONES GENERALES 
En este capítulo final, se proporcionan las conclusiones generales de  esta investigación. 
 Se ha descrito la tecnología LiDAR móvil en una serie de casos de estudio relativos 
a infraestructuras de carretera. Su idoneidad para las actividades de inspección de 
infraestructuras ha sido probada en pavimentos, pasos elevados, puentes, pasos 
inferiores y túneles. Se ha demostrado que la tecnología GPR es una técnica 
apropiada para la caracterización interna de los materiales constructivos.  El LiDAR 
estático se ha utilizado como una tecnología complementaria para áreas inaccesibles 
en donde no puede llegar el LiDAR móvil. 
 Se han demostrado los múltiples beneficios que ofrece la tecnología de escaneado 
láser móvil frente a los métodos de inspección tradicionales: es más eficiente, 
reduciendo el tiempo de toma de datos en campo y minimizando los riesgos 
potenciales para la seguridad de los equipos de peritos que tradicionalmente toman 
este tipo de datos. Constituye una solución excepcional para cualquier Ministerio 
de Fomento responsable de preservar, reparar y operar de manera segura las 
infraestructuras de su país. 
 Se ha descrito una amplia revisión sobre la capacidad de los sistemas de escaneado 
láser móvil para extraer datos topográficos. Los principales resultados identificaron 
sistemas adecuados para el mapeo frente a otros orientados a aplicaciones 
topográficas. Se analizó cómo la distancia de escaneo, la resolución angular del 
escáner, la velocidad de rotación o los ratios de adquisición del escáner influyen en 
la elección de un sistema MLS. 
 Queda demostrada la viabilidad del sistema Lynx Mobile Mapper para producir 
densas mediciones 3D a un nivel de exactitud relativa de 10 mm o menos, utilizando 
para dicho test un patrón de calibración métrica. Los niveles de exactitud en absoluto 
están alrededor de 1-5 cm, lo cual los hace adecuados para llevar a cabo tareas tanto 
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de mapeo como cartográficas. Para ello, se debe asegurar una buena cobertura GNSS 
(PDOP<2.5). En caso contrario, podremos observar cómo los errores aumentan 
hasta 0.3 m. 
 Utilizando el mismo patrón de calibración métrica, fue posible evaluar la calibración 
del alineamiento entre cabezales láser del sistema del Lynx Mobile Mapper, 
comprobación necesaria antes de comenzar un nuevo proyecto. 
 Para facilitar un uso eficiente y efectivo de la información rica en geometría, 
capturada en forma de nubes de puntos 3D, en los estudios llevados a cabo en esta 
tesis se desarrollaron e implementaron algoritmos automatizados en: 
(a) Pavimentos. Se presentó un método novedoso para evaluar los espesores y
volúmenes de las capas de pavimentos a partir de láser escáner. El algoritmo 
desarrollado permitió no sólo calcular espesores puntuales y promedio sino 
también, medir el volumen de las capas. La valoración numérica de la exactitud 
de los espesores de capa calculados se evaluó utilizando perfiles longitudinales 
2D con una antena GPR de 2.3 GHz. Estos resultados, con errores que fueron 
en todos los casos menores que 1.5 cm, podrán estar afectados por el proceso 
de registro, y errores GPR o GPS en la toma de datos al igual que errores en la 
precisión de medida del rango de los propios escáneres (8mm, 1sigma). 
(b) Pasos elevados. Se desarrolló un conjunto de algoritmos para la detección y
clasificación automática de eflorescencias utilizando datos LiDAR móvil. Dichos 
conjuntos de datos fueron en primer lugar filtrados automáticamente 
(normalización de la nube de puntos, y filtros radial y de vegetación). Se 
estudiaron dos enfoques diferentes para la segmentación de las estructuras, 
utilizando la información del ángulo del LiDAR. Un clasificador K-means se 
utilizó en este paso. Finalmente, la detección de la eflorescencia se realizó en 
base a los datos de intensidad LiDAR. La eflorescencia disminuye la radiación 
reflejada del LiDAR y por tanto, puede ser fácilmente segmentada de la nube de 
puntos que le rodea. 
(c) Pasos inferiores. Aquí se describió una metodología basada en la tecnología
LiDAR móvil para la detección de deformaciones en pasos inferiores de autovía. 
El caso de estudio, basado en la auscultación del paso inferior, demostró que 
ocurrían pequeñas deformaciones entre las dovelas durante el proceso de relleno 
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(máximo de 5 mm), aunque estaban dentro de las tolerancias aceptadas para 
dicha estructura.
(d) Túneles. Se presentó un algoritmo para la detección automática de las
luminarias. Los resultados preliminares resultaron ser correctos. Este método 
precisa ajustar dos umbrales: un umbral de altura y otro de intensidad del color. 
Asegurándose de que todas las luces están encendidas durante la primera toma 
de datos, será posible luego detectar dónde una luminaria está apagada o 
simplemente, no funciona bien. El flujo de trabajo presentado aquí podría 
extenderse para la extracción de farolas en áreas urbanas siempre que la 
inspección se realizase de noche. 
 Durante esta investigación, se llevaron a cabo actividades de cooperación y 
transferencia de conocimiento entre algunas empresas de ingeniería y construcción 
y la Universidad de Vigo.  
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